Mechanism of cell adhesion at the midbrain-hindbrain neural plate in the teleost Danio rerio by Kadner, Diana
 
Mechanism of cell adhesion at the 
midbrain-hindbrain neural plate in the 
teleost Danio rerio 
 
DISSERTATION  
zur Erlangung des akademischen Grades 
 
Doctor rerum naturalium  
(Dr. rer. nat.) 
 
vorgelegt  
der Fakultät Mathematik und Naturwissenschaften 
der Technischen Universität Dresden 
von 
 
Dipl.-Biol. Diana Kadner 
geboren am 22. Januar 1977 in Zehdenick 
 
 
Gutachter: Prof. Dr. Michael Brand 
  Prof. Dr. Herbert Steinbeisser 
    
Tag der Einreichung:  12. 03. 2009 
 
Tag der Verteidigung:  09. 06. 2009 
 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aber hier, wie überhaupt, 
Kommt es anders, als man glaubt. 
 
 
Plisch und Plum  
Wilhelm Busch, 1882 
 3 
ACKNOWLEDGEMENTS  
 
 
First of all I must thank Michael Brand for having given me the chance to work on 
this very interesting project, for his support and feedback.  
 
Furthermore I need to thank the whole Brand lab – especially Alex, Muriel, Stefan, 
Marta and Claudi – for listening, co-thinking, suggesting, kicking butts and washing 
heads. I am very grateful to the Oates lab that gave me a warm and creative welcome 
to their lab meetings. I thank all members of the true fishclub, for actually asking 
questions!  
 
For their wonderful caretaking I thank Evelyn, Jens, Günter, Marika and Katrin.  
 
I am very grateful to my thesis advisory committee (Michael Brand, Marino Zerial 
and Andrew Oates) did not get tired meeting me half-yearly. For their continuous 
support and advisory comments.   
 
Special thanks also go to Dr. Annette Schenck for all these long, very helpful 
discussions about science and life, ligands and receptors, transplantations and 
injections. More special thanks go to Dr. Sylke Winkler and the whole Tilling facility 
in the MPI for never having given up hope on Stop mutants.  
 
I am thankful to the reviewers, Dr. Oates and Prof. Steinbeisser.  
 
 
For balancing all this, I am more than thankful to the Bücherwürmer, verrückten 
Bahner, BMW drivers, White Russians, Showboxx, Berlin and Madame Mietz. 
 
Last but for sure not least: my whole family and friends – who have never given up on 
me, who have constantly provided me with hope and sunshine. xXx  
 4 
TABLE OF CONTENTS 
 
Mechanism of cell adhesion at the midbrain-hindbrain neural plate   
 
Acknowledgements 3 
 
Table of contents 4 
 
Overview of figures and tables 7 
 
Summary 9 
 
Abbreviations 10 
 
Introduction  11 
 Danio rerio as a preferred model organism 11 
 Embryonic development of Danio rerio 12 
 Neural induction and neural patterning in Danio rerio 15 
 Neurulation in Danio rerio 16 
 The isthmic organizer at the midbrain-hindbrain boundary in Danio rerio 17 
 Cell lineage and compartment restriction 17 
 Lineage restriction in vertebrates 18 
 Differential adhesion hypothesis (DAH) 19 
 Segmentation 20 
 The Eph/ephrin class 21 
 Eph/ephrin complex formation 22 
 Adhesion and repulsion 23 
 Rhombencephalic compartmentalization in Danio rerio 24 
 Midbrain-hindbrain boundary in Danio rerio 25 
 Targeting Induced Local Lesions IN Genomes – TILLING 28 
 Aim of the thesis 31 
 
 5 
Materials and Methods 32 
 Materials 32 
 Technical equipment 32 
  Chemicals 32 
  Reagents and buffers 32 
  Molecular biology reagents 33 
  Molecular biology kits 34 
  Plasmid DNA and constructs 34 
  Antibody 35 
  Morpholino antisense oligonucleotides 35 
  Primers for dCAPS assays 35 
  Restriction endonucleases for dCAPS assays 36 
 Methods 36 
 Fish maintenance and embryo staging 36 
  Preparation of injection needles and technical setup  37 
  Injection of mRNA or Morpholino antisense oligonucleotides 37 
  Preparation of transplantation needles and technical setup 38 
  Transplantation of cells at sphere stage and 80% epiboly 38 
  Whole-mount in situ hybridization (ISH) 39 
  Whole-mount double in situ hybridization (dISH) 40 
  Biotin detection of transplanted cells  40 
  Generation of constructs 41 
  Fin clipping technique 41 
  Site-directed mutagenesis 42 
  Synthesis of poly(A)-mRNA for injection 42 
  Synthesis of DIG and Fluorescin labeled probes for in situ hybridization 43 
 
Results 44 
 In vivo cell transplantation assay 44 
 Experimental setup and initial test experiments 44 
  No directed cell sorting behavior in the initial transplantation assay 48 
 Implantation of cell clones overlapping the midbrain-hindbrain boundary 51 
  No directed cell sorting behavior of midbrain cells at the mhb 52 
 6 
  No directed cell sorting behavior of hindbrain cells at the mhb 54 
 The candidate genes 56 
  Expression pattern analysis of ephrin ligands and Eph receptors 56 
  In vivo cell sorting assay using manipulated donor cells 62 
  Transplanted EphrinB2b-overexpressing do not sort 63 
  EphrinB2b-overexpression and transplantation at sphere stage 66 
 Targeted knockdown of the ephrinB2 ligands 69 
 Design of Morpholinos against ephrinB2a and ephrinB2b 69 
  Phenotypes resulting from transient inactivation of EphrinB2a protein 72 
  Phenotypes resulting from transient inactivation of EphrinB2b protein 76 
 Tilling approach and analysis of ephrinB2bhu2971 79 
 Analysis of ephrinB2bhu2971 81 
  MzephrinB2bhu2971 mutants are viable and fertile 82 
  No maternal ephrinB2b RNA contribution 83 
  Phenotypic analysis of mzephrinB2bhu2971 mutants 86 
 Mutant/morphant embryos show strong developmental defects 88 
 
Discussion 92 
 Cell sorting behavior at the midbrain-hindbrain boundary 92 
 Cell migration analysis of cells positive for EphrinB2 95 
 Transient inactivations of EphrinB2 ligands by the application of Morpholino 98 
 Analysis of the mutant ephrinB2bhu2971 100 
 Analysis of the ephrinB2 mutant/morphant embryos 101 
 
References 103 
 
Appendix 115 
 dCAPS assay for ephrinB2ahu3479 115 
 dCAPS assay for ephrinB2ae14 115 
 dCAPS assay for ephrinB2be16 115 
 dCAPS assay for ephrinB2bhu2971 116 
 7 
OVERVIEW OF FIGURES AND TABLES 
 
Fig 1  Schematic drawings of the zebrafish development   13 
Fig 2  Organization of the zebrafish central nervous system 16 
Fig 3  Differential adhesion hypothesis (DAH) 20 
Fig 4  Domain structure and binding interfaces of Eph receptors and  
  ephrins 22 
Fig 5  Compartment boundaries can be visualized by marker analysis 25 
Fig 6  Mechanisms of rhombomere boundary formation 27 
Fig 7  Efficient target-selected mutagenesis in zebrafish by Tilling 29 
Fig 8  Schematic overview of the in vivo cell transplantation assay 46 
Fig 9  Results of the initial in vivo cell transplantation assay 47 
Fig 10  Scheme and results of optimized cell transplantation assay of  
  otx2+ cells 52 
Fig 11  Scheme and results of optimized cell transplantation assay of  
  gbx1+ cells 54 
Fig 12  In situ expression pattern of the ephrinB2a ligand 57 
Fig 13  In situ expression pattern of the ephrinB2b ligand 59 
Fig 14   In situ expression patterns of the EphB4 receptors 61 
Fig 15  Transplantation of EphrinB2b-overexpressing cells 64 
Fig 16  In vivo cell sorting assay using EphrinB2b-overexpressing cells 67 
Fig 17  Morpholino binding sites in both ephrinB2 ligands 70 
Fig 18  Western Blot analysis of Morpholino efficiency 71 
Fig 19  Phenotypic results of MO1 injections blocking EphrinB2a protein 
translation 73 
Fig 20  Phenotypic results of MO2 injections blocking EphrinB2a protein 
translation 75 
Fig 21  Phenotypic results of MO3 injections blocking EphrinB2b protein 
translation 77 
Fig 22  Phenotypic results of MO4 injections blocking EphrinB2b protein 
translation 78 
Fig 23  Schematic overview of mutations in both EphrinB2 ligands 80 
 8 
Fig 24  Molecular identification of ephrinB2bhu2971 82 
Fig 25  Phenotypic analysis of living ephrinB2bhu2971mutants 83 
Fig 26  Analysis of maternal RNA contribution in ephrinB2bhu2971  
  mutants, 8 cells 84 
Fig 27  Analysis of RNA contribution in ephrinB2bhu2971  
  mutants, 40% epiboly 85 
Fig 28  Analysis of RNA contribution in ephrinB2bhu2971  
  mutants, 24hpf 85 
Fig 29   Expression pattern analysis of ephrinB2bhu2971mutants 87 
Fig 30  Phenotypic analysis of living ephrinB2a_MO2/ephrinB2bhu2971   
  mutants 89 
Fig 31  Expression pattern analysis of ephrinB2a_MO2/ephrinB2bhu2971  
  mutants 91 
 
 
Table 1  mRNA constructs for injection 34 
Table 2  antisense riboprobes for in situ hybridization 34 
Table 3  Sequences of Morpholino antisense oligonucleotides 35 
Table 4  Sequences of primers in ephrinB2a dCAPS assays 35 
Table 5  Sequences of primers in ephrinB2b dCAPS assays 36 
Table 6  Restriction endonucleases in dCAPS assays 36 
Table 7  Reproducibility of homotopic transplantations at 80% epiboly 48 
Table 8  Analysis of transplanted cells 11 hours post transplantation 49 
Table 9  Analysis of otx2+ cells and their distribution two hours post 
transplantation 53 
Table 10 Analysis of gbx1+ cells and their distribution two hours post 
transplantation 55 
Table 11 Calculation of transplanted wildtype cells 11 hours post  
  transplantation 62 
Table 12 Results of the ephrinB2 ligand Tilling screen 79 
Table 13 Detailed overview of ephrinB2 zebrafish Tilling lines 80 
 9 
SUMMARY 
 
The correct development of multicellular organisms is tightly regulated by 
intrinsic and extrinsic factors at specific time points. Disturbance on any level of these 
multiple processes may result in drastic phenotypes or eventually death of the organism.  
The midbrain-hindbrain boundary (also termed isthmic organizer) is a region of 
high interest as well in early as also in later development. The isthmic region carries 
organizer identity by the expression and subsequent release of FGF8. False patterning 
events of this region in early developmental stages would therefore display dramatic 
results over time. As it has been shown that the midbrain-hindbrain boundary (mhb) in 
the zebrafish is a compartment (or lineage restriction) boundary I tried to understand the 
underlying molecular mechanism for its correct establishment.  
In this work I focused both on embryological, molecular and genetic means to 
characterize involved molecules and mechanisms. In the first part of the thesis I 
followed in vivo cell transplantation assays, having started with an unbiased one. Cells 
of either side the mhb were challenged with this boundary by bringing them into direct 
cell contact with their ectopic counterpart. In a biased approach, cells overexpressing 
mRNA of specific candidate genes were transplanted and their clonal distribution in 
host embryos was analyzed.  
In the second part of the thesis I started interfering with specific candidate genes 
by transiently knocking down their protein translation. The adhesion molecules of the 
Eph/ephrin class had been shown to restrict cell mixing and thereby creating 
compartment boundaries in other tissues, such as the hindbrain, in the zebrafish and 
other organisms. Additionally, we generated several stable genetic mutant lines in 
cooperation with the Tilling facility at the Max-Planck-Institute. The only acquired 
potential null mutant ephrinB2bhu2971 was analyzed and characterized further. I observed 
that a knock down or knock out of only one of the ephrinB2 ligands does not seem to be 
sufficient for a loss of compartment boundary formation. The combinatory approach of 
blocking translation of EphrinB2a in ephrinB2bhu2971 mutants gave very complex and 
interesting phenotypes, which need to be investigated further. 
I can therefore neither describe nor rule out a specific function of EphrinB2 
signaling in midbrain-hindbrain boundary formation. 
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ABBREVIATIONS 
 
SI units and symbols (such as µl etc) are not listed. Additional abbreviations are 
introduced and explained in the text.  
 
• aa     amino acid 
• ANR     anterior neural ridge 
• ap     anteroposterior 
• DIC     differential interference contrast 
• DIG     digoxygenin 
• dISH     double in situ hybridization 
• DNA     deoxyribonucleic acid 
• dpf      days post fertilization 
• Efn     Ephrin 
• FL     full length 
• hpf     hours post fertilization 
• hpt     hours post transplantation 
• ISH     in situ hybridization 
• mhb     midbrain-hindbrain boundary 
• MO     Morpholino antisense oligonucleotides 
• ni     non injected 
• PCR     polymerase chain reaction 
• PFA     paraformaldehyde 
• r     rhombomere 
• RNA     ribonucleic acid 
• RT     room temperature 
• s     somite 
• tb     tailbud 
• wt     wildtype 
• ZLI     zona limitans intrathalamica 
 11 
INTRODUCTION 
 
 The development of complex, multicellular organisms after fusion of egg and 
sperm is a captivating process. This is the field of developmental biology, a discipline 
that tries to answer questions, which arise with the creation of an adult organism from 
a single, fertilized egg. While the zygote starts mitotic divisions and thereby grows in 
size, different mechanisms take place. The first key process during animal 
development is pattern formation by inductive events. Ongoing inter- and intracellular 
signaling mechanisms result in regional specification of different body parts such as 
the head, the trunk and the tail. Upon this induction cells undergo differentiation by 
the expression of specific genes. The prerequisite for precise induction is that all cells 
can as well receive and understand all their necessary inductive signals as also answer 
accordingly. The differentiated cells then form tissues in an arranged way, for 
instance by cell movements. This process is called morphogenesis and at the end of it 
stands the complete organism in three-dimensional shape (Gilbert SF, 5th edition). 
 Nowadays, the discipline of developmental biology not only involves classical 
embryology, physiology and anatomy, but also molecular and cellular biology, 
neurobiology, ecology, evolutionary biology and more specialized fields of natural 
sciences. 
 
  
Danio rerio as a preferred model organism 
 
 The zebrafish (Danio rerio) fulfils multiple criteria for an ideal vertebrate 
model organism. When compared to other vertebrates, the zebrafish are relatively 
easy to maintain and due to their small size in adult stages (circa 3,5cm) a large 
number of individuals can be kept on relatively few space. Furthermore they reach 
fertility after few weeks, which is an important criterion for work with genetically 
modified individuals. The zebrafish is able to reproduce permanently and one egg lay 
can contain several hundred eggs (Nüsslein-Volhard and Dahm, 2002). These are 
fertilized ex utero and are protected by a transparent chorion. Translucent, quite large 
embryos in combination with complete embryonic development within 48 hours post 
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fertilization are additional advantages of the zebrafish, that facilitate experimental 
procedures such as microinjection (Kimmel and Warga, 1986), micromanipulation 
(Westerfield et al, 1986) and live imaging techniques. Both transient overexpression 
of specific genes by the application of mRNA as also transient knock down assays by 
Morpholino antisense oligonucleotides, which block translation or splicing events, 
became well established systems in the zebrafish. Moreover, mutagenesis and genetic 
mapping procedures can be performed. In the past, forward genetic screens have 
identified numerous mutants (Brand et al., 1996; Haffter et al., 1996; Jiang et al., 
1996). With the establishment of a reverse genetic screening method, specific stable 
mutants can now be created (Wienholds et al., 2002). The TILLING method will be 
explained in more detail below. 
  
 
Embryonic development of Danio rerio 
  
 A detailed analysis of the embryonic development was performed and 
published by Kimmel and coworkers (Kimmel et al., 1995). In the following 
paragraph important stages are summarized and graphically shown in Figure 1. 
 Upon ex utero fertilization of the egg by a spermatozoon, the transparent 
chorion elevates from the zygote. Cytoplasmic streaming of yolk-free cytoplasm 
towards the animal pole creates the blastodisc, leaving a large underlying yolk cell, 
which is rich in granules. The zygote then starts to divide and the subsequent radial-
symmetric divisions occur synchronically, roughly every 23 minutes during those 
early cleavage stages (Schröter et al., 2008). Initially the newly formed cells and the 
yolk cell maintain cytoplasmatic bridges, which are closed down after the first five or 
six rounds of cell division and thereby leave the blastomere separated. During the first 
hours of development the cells are rapidly dividing but not growing, resulting in a 
subsequent diminution in size. Furthermore, maternally provided RNA and proteins 
supply the cells solemnly until the embryo consists of approximately 1000 cells.  
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Figure 1   Schematic drawings of the zebrafish development 
Stages are termed after anatomical features and the developmental age at 28°C. With 
the onset of gastrulation the stages are named after the degree of yolk coverage, 
called epiboly. All images display embryos from lateral view; shield stage embryo is 
also shown from the top, with the shield indicated by the arrow. Until prim-6 stage 
dorsal sides are to the right; long pec stage displays dorsal site to the top.  
(figure presents camera lucida drawings of Kimmel et al., 1995) 
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During this early blastula stage, which is termed midblastula transition 
(MBT), first cellular changes occur. These are especially the lengthening of cell cycle, 
the loss of cell synchrony, the activation of zygotic transcription and the beginning of 
cell motility. One remarkable event is the formation of an extraembryonic syncitium 
by the collapse of marginal cells, the yolk syncytial layer (YSL). The cells release all 
their content, including the nuclei, into the yolk cell. Furthermore, cells of the 
blastoderm start distinct morphogenetic movements. This stage is called epiboly and 
the extent of blastula cells covering the yolk in an animal-to-vegetal direction is 
terming the exact stage of epiboly. This process is morphological initially 
characterized by doming of the yolk cell along with simultaneous cell movement 
towards the vegetal pole. At 50% of epiboly the blastula turns into a gastrula. 
Marginal most cells involute and migrate backwards along the yolk cell towards the 
animal pole of the embryo. The thickening of the blastodermal margin, caused by this 
process, is termed germ ring. The involuting cells generate the hypoblast, which 
compromises the mesoderm and endoderm. At the same time of involution, ventral 
and lateral cells start converging towards the dorsal site of the embryo, forming an 
evident globular thickening at the dorsal margin, named shield (arrow in Fig 1). With 
ongoing epiboly and the intercalation of migrating cells at the future midline, the 
embryo lengthens in anterior-to-posterior direction (extension). These convergence 
and extension movements proceed and along with cell divisions the tailbud stage is 
achieved ten hours post fertilization (hpf). At this terminating gastrulation time point 
the blastoderm covers the yolk entirely and the main body axes (dorsoventral and 
anteroposterior) have been established. In the subsequently following segmentation 
period, rapid cell divisions and ongoing cell movements contribute to the further 
elongation and patterning of the embryo. Morphologically the patterning of the 
paraxial mesoderm into somites is most obvious in early segmentation stages. 
Therefore, the staging of the zebrafish development is termed on the basis of existing 
somites. Also, the anterior neuroectodermal plate is forming a neural tube, a process 
described in more detail below. At 24 hpf the zebrafish embryo enters the pharyngula 
period, which is characterized by the clear morphological distinction of the zebrafish 
basic body plan and the initial appearance of organ primordia. The heart starts beating 
and the blood flowing, processes of high importance for correct angio- and 
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vasculogenesis (chick: le Noble et al., 2004). After two days post fertilization (dpf) a 
larva hatches from the chorion and starts swimming with its fully developed swim 
bladder five dpf. Zebrafish are sexually mature at about 3 months.  
 
 
Neural induction and neural patterning in Danio rerio 
 
 Zebrafish neural induction takes place during gastrulation stages. Hilde 
Mangold and Hans Spemann have gained first indications for inductive tissue from 
their pioneering graft experiments performed in newt embryos. They identified the 
dorsal blastopore lip as an organizer, a cell population that is able to induce and 
pattern different surrounding embryonic tissues (Spemann and Mangold, 1924). 
Corresponding vertebrate organizers have as well been recognized in mouse and 
chick, termed node, as also in teleost fish, termed embryonic shield. In zebrafish, 
multiple secondary neuroepithelial organizing centers have been suggested: the 
anterior neural ridge (ANR; Houart et al, 1998), the zona limitans intrathalamica 
(ZLI), the midbrain-hindbrain boundary (mhb; Rhinn and Brand, 2001), and 
rhombomere 4 (r4). 
 The highly complex vertebrate brain originates from the neural plate, a 
neuroectodermal tissue, which is gradually subdivided along the anteroposterior axis 
during gastrulation, giving rise to primordia of the forebrain, midbrain, hindbrain and 
spinal cord. Gaining knowledge of correlations between these multifaceted patterning 
processes and the positioning of the respective tissue can be achieved by establishing 
fate maps. For zebrafish, Katherine Woo and Scott Fraser have performed this intense 
assay for neural tissue both at the onset (6 hpf) and at the end (10 hpf) of gastrulation 
(Fig 2; Woo and Fraser, 1995).  
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Figure 2   Organization of the zebrafish central nervous system 
(A, B) Summary fate map at 6h and 10h, respectively. Domains occupied by progenitors of 
each brain subdivision are coded with their representative colors, as shown in the key. Areas 
of overlap between any two domains are shaded with a mixture of their respective colors. 
(Woo and Fraser, 1995) 
 
 
Neurulation in Danio rerio 
  
 Neurulation describes the process, in which specific neural tissue gives rise to 
a neural tube. In higher vertebrates primary neural tube formation is a more or less 
conserved process: the neural plate folds up or rolls at its lateral edges (neural ridges), 
converges and finally fuses at the midline. The tube contains its lumen, termed 
neurocoel. In zebrafish this tube formation is characterized as a secondary 
neurulation, as the neural plate ridges do not fold up and later fuse, but rather medial 
neuroepithelial cells sink into the embryo and form a neural keel, which appears 
without a lumen. In the next step, this keel or rod hollows and thereby forms the 
complete tube, containing the neurocoel.  
 Even though these two ways of neurulation differ, fat map studies revealed 
that the topological cell arrangement is very similar (Papan and Campos-Ortega, 
1994). 
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The isthmic organizer at the midbrain-hindbrain boundary in Danio rerio  
 
 As mentioned above, different secondary organizing centers have been 
described in the neuroepithelium of zebrafish. This is based on the common mode of 
expressing and releasing molecules that carry potential to induce specific 
development of the surrounding tissue (Echevarria et al., 2003). While cells of the 
ZLI express and release Sonic Hedgehog, cells of the ANR, the mhb and r4 express 
secreted molecules of the fibroblast growth factor (Fgf) family.  
 Especially the isthmic organizer at the midbrain-hindbrain boundary has been 
a preferred embryonic region for research and therefore been studied extensively 
(Rhinn and Brand, 2001; Rhinn et al., 2003; Raible and Brand, 2004). Next to the 
expression of secreted Fgf molecules, it also carries features of “classic” organizer 
tissues. When performing graft experiments, midbrain and cerebellar structures are 
induced ectopically (Martinez et al., 1999). Furthermore, it has been shown that the 
surgical or genetic reduction of the isthmic organizer results in a loss of structures in 
the surrounding tissues. Fgf8 has been shown to be of highest importance for this 
organizer identity (Reifers et al., 1998; Meyers et al., 1998; Raible and Brand, 2004).  
  
 
Cell lineage and compartment restriction  
 
 Already in the sixties of the last century, the developmental process of cell 
lineage has been described for the different imaginal discs of the invertebrate 
Drosophila melanogaster (Becker HJ, 1966; Baker WK, 1967; Bryant PJ, 1970). 
Then in the seventies, various research groups described the process of 
compartmentalization by so-called polyclonal groups of cells of imaginal discs in the 
fly (Garcia-Bellido et al., 1973, 1976; Baker WK, 1978; Campos-Ortega and Waitz, 
1978; Morata and Lawrence, 1975). These compartments are defined by boundaries, 
which show in mapping experiments restrictive behavior. This means that cells or 
their offspring do not migrate from one compartment into any adjacent one (Morata 
and Ripoll, 1975; Wieschaus E, 1978). It could be shown, that these lineage 
restriction boundaries coincide with the position of organizers that pattern the 
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neighboring tissues. Until now different underlying signaling cascades have been 
described for imaginal disc compartmentalization (reviewed in Dahmann and Basler, 
1999). Nevertheless, it is still largely unknown, how cells then segregate and maintain 
these compartments. There are indications that cell adhesion might be a mechanism in 
the fly. A specific adhesion molecule (Cad99C) has been shown being regulated by 
Hedgehog signaling in the anterior-posterior boundary in the wing imaginal disc in 
Drosophila, even though it finally does not seem to be solely essential for the 
segregation of cells at that border (Schlichting et al., 2005). Also an in vitro study, 
using wing imaginal disc cells, suggests a direct interaction between Wingless 
signaling and cell adhesion regulation by the loss of E-cadherin from the cell surface 
(Wodarz et al., 2006).  
 
 
Lineage restriction in vertebrates 
  
 Also in vertebrates, lineage restriction behavior has been identified. The 
finding, that interphase nuclei of quail and chick are phenotypically distinguishable, 
led to the introduction of quail-chick chimera assays, as a genetic form of lineage 
tracing (Le Douarin, 1969). Quail cells (or whole grafts) are transplanted into chick 
embryos in ovo and can later be detected by cytological staining of the DNA. In this 
way, the donor cell distribution can be identified in the host embryo after a specific 
time of development. 
Over the past 15 years new methods of cell tracking were developed. While 
both in fly and mouse the genetic LacZ reporter system became well established, the 
relatively easy accessibility and translucence of zebrafish and chick was used. The 
preferred method of choice was the (single) cell labeling with a (fluorescent) dye and 
subsequent analysis of their clonal distribution (Fraser et al., 1990). With the 
development of transgenic and also powerful imaging techniques, even more detailed 
spatial and temporal analysis became possible. Thus, Halloran and colleagues created 
a heatshock inducible GFP zebrafish line (Halloran et al., 2000). At certain 
developmental stages GFP expression was induced, using a focused laser beam on a 
single cell. This allows precise spatial and temporal control and very detailed analysis 
of single cell fate.  
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To analyze cell fate restriction at the mhb, individual cells along the midbrain-
hindbrain boundary were iontophoretically labeled and their clonal distribution was 
analyzed (Langenberg and Brand, 2005). The earlier during development cells were 
labeled the more they showed a non-restrictive behavior. For more detailed analysis 
of this possible lineage restriction at the mhb, individual zebrafish embryos of newly 
introduced histone H2A.F/Z:GFP fusion line were imaged and single nuclei in the 
mhb domain were tracked backwards in time (Langenberg et al, 2006). Also, this way 
of resolution allows for instance the analysis of cell divisions and cell movements. In 
this way, it was discovered that the forming mhb in the growing zebrafish is indeed 
lineage restricted, and its morphological boundary is not coinciding with the lineage 
restriction boundary (Langenberg and Brand, 2005). 
 
 
Differential adhesion hypothesis (DAH)  
  
 The term “tissue affinities” was first mentioned by Townes and Holtfreter. 
They had observed in in vitro studies, that different amphibian cells and tissues 
reorganize themselves upon dissociation and mixing (Townes and Holtfreter, 1955). 
Shortly later, Steinberg introduced different physical theses explaining the observed 
reorganization of cells and tissues. Among them he presented the “differential 
adhesion hypothesis” (DAH, Fig 3), which postulates that various embryonic 
developmental processes resemble the behavior of immiscible liquids (reviewed in 
Foty and Steinberg, 2004). To fulfill the criteria of a liquid, the populations must “(1) 
be composed of many subunits which (2) cohere while (3) being mobile” (cited from 
Foty and Steinberg, 2004). Measurements of surface tensions in cadherin expressing 
cell culture assays seem to prove the DAH (Foty and Steinberg, 2005). A cell 
population of weaker adhesive property envelops a cell population of a higher one. 
These different adhesive states cannot only be achieved by the type of expressed 
adhesion molecule but also on its amount and its timing (Duguay et al., 2003).  
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Figure 3   Differential adhesion hypothesis (DAH) 
Two cell populations with adhesive potential (“a” and “b”) are brought in contact with each 
other. A) Without heterophilic (adhesive affinity to the other population) adhesion the two 
populations remain separated. B) Any homophilic adhesion is greater than the heterophilic: 
the weaker adhesive cell population partially surrounds the stronger adhesive one. C) The 
heterophilic adhesion is stronger than the weakest homophilic: less adhesive cells completely 
envelope the more adhesive ones. D) The heterophilic adhesion is greater than average 
homophilic of both populations: cells will intermingle. (Figure and text modified from Irvine 
and Rauskolb, 2001) 
 
 Biological functions during embryogenesis employing the DAH are for 
instance gastrulation movements (Kane et al., 2005), formation of rhombomere 
boundaries (Xu et al., 2000; Cooke at al., 2005), and both mesenchymal-to-epithelial 
transition (Barrios et al., 2003), and epithelial-to-mesenchymal-transition (reviewed in 
Thiery and Sleeman, 2006). 
 
 
Segmentation 
 
 During embryonic vertebrate development different compartmentalization 
processes, such as segmentation of the hindbrain and the somitic region, take place. 
Different studies revealed mechanisms, which structure the neuroepithelial tissue into 
the hindbrain segments, called rhombomeres. First indications that vertebrate 
rhombomere boundaries are in fact lineage restriction boundaries arose by cell 
labeling methods (Fraser et al., 1990) and a year later by transplantation experiments 
in the chick hindbrain. In these approaches, distinct rhombomeric donor tissue grafts 
were fused to ectopic host tissues. As a result new boundaries developed, whereas this 
is not the case when a graft is fused to an endogenous rhombomere in the host 
(Guthrie and Lumsden, 1991; Guthrie et al., 1993). Furthermore, the periodic 
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expression of well-known patterning genes coincides with this morphological 
segmentation of the vertebrate rhombomeres. This has in detail been shown for the 
homeobox genes (Wilkinson DG, 1993; reviewed in Schneider-Maunoury et al., 
1998). Furthermore, also adhesion molecules of the Eph/ephrin class are sequentially 
expressed in the hindbrain (Trainor and Krumlauf, 2000). 
 
 
The Eph/ephrin class 
 
The first member of this receptor tyrosine kinase family was found in 
erythropeoietin-producing hepatocarcinoma cells and was therefore termed Eph (Hirai 
et al., 1987). Whereas in humans 16 Eph receptors and at least nine ephrin ligands 
were identified, in Danio rerio so far 14 receptors (EphA1-A7 and EphB1-5) and ten 
ligands (ephrinA1-A5b and ephrinB1-B3) of this class of cell-cell adhesion molecules 
have been described (reviewed in Pasquale EB, 2005). 
Historically this big class of receptor tyrosine kinases is subdivided into EphA 
and EphB class receptors, according to the similarities of the extracellular domains 
and their binding preferences to the ligands (Fig 4). All receptors present their 
globular ephrin-binding domain extracellularly, followed by a domain carrying an 
EGF-like motif and two Fibronectin type-III repeats; intracellularly lays the kinase 
domain with its phosphorylation sites and at the C terminus sterile α-motif domains. 
Based on their structure, the ligands are also subdivided into an EphrinA and EphrinB 
class. Even though all Ephrin ligands are membrane bound and therefore not secreted, 
the EphrinA ligands are tethered to the membrane via a glycosyl-phophatidylinositol 
(GPI) anchor and the EphrinB class ligands are transmembrane proteins with 
intracellular binding sites (PDZ domain). Both the globular Eph-receptor binding 
domain of the ligands as also the ephrin-binding domain of the receptors contain 
important subdomains, responsible for the binding affinities between ligand and 
receptor (Pasquale EB, 2005).  
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Eph/ephrin complex formation 
 
Initially it was believed, that receptors and ligands are only binding to a 
partner belonging to the same class. Recent findings revealed exceptions from this 
strict interaction (EphA4-ephrinB2: Mellitzer et al., 1999; EphB2-ephrinA5: Himanen 
et al., 2004). Furthermore, various in vitro binding affinity studies suggest high 
binding specificities within A and B subclasses. Nevertheless, it was also pointed out 
that an in vitro binding ability does not necessarily prove a biological relevance 
(reviewed in Blits-Huizinga et al., 2004). 
Figure 4   Domain structure and 
binding interfaces of Eph receptors 
and ephrins 
EphrinB ligands are transmembrane 
proteins with an extracellular Eph-
binding domain, containing different 
binding affinity sites (colorcode), and an 
intracellular tail. EphrinA ligands are 
GPI-anchored with a similar 
extracellular receptor-binding domain as 
the class B ligands.  
Eph receptors present extracellularly a 
globular ephrin-binding domain, 
containing different binding affinity sites 
(colorcode); a cystein-rich region 
containing an EGF-like motif; two 
fibronectin-type III repeats; the 
intracellular domains of the receptors 
are: a juxtamembrane segment, a kinase 
domain and a SAM domain, containing a 
low-affinity dimerization interface 
(Figure and text modified from Pasquale 
EB, 2005) 
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In all cases, the initial contact between ligand and receptor is a monovalent 
interaction, meaning that one receptor molecule binds to one ligand molecule on an 
adjacent cell. The level of affinity between interacting molecules is thought to depend 
on special loop-regions in the extracellular part of both receptor and ligand. Crystal 
structures of two EphB receptors have shown to form a cavity, which is binding the 
so-called G-H loop of the ephrinB2 ligand upon recognition (EphB2•EphrinB2: 
Himanen et al., 2001; EphB4•EphrinB2: Chrencik et al., 2006). In addition, it was 
suggested that low homophilic affinities might enable preclustering of either receptors 
or ligands in lipid raft microdomains in their respective cell membranes. This has 
been shown at least for EphrinB1 (Brückner et al., 1999). The recruitment into 
microdomains could accelerate the cluster formation and later the signaling 
transduction.  
Upon the initial recognition between receptor and ligand and their subsequent 
trans-heterodimerization (meaning on opposite cells), further dimers can associate 
and form complexes. At the level of tetramers signals can be mediated, but it was 
observed that further oligomerization is crucial for proper signaling. Furthermore, 
there are indications that the degree of clustering can determine or influence whether 
cells adhere or repel (Stein et al., 1998).  
One important observation is that activation of the receptor kinase domain can 
only be achieved in trans and not in cis. Auto-activation of Eph kinases in receptor- 
and ligand-expressing cells is thereby prevented. The degree and reason of cis-
dimerization is still debated, but it is suggested to silence bi-directional signaling 
(Pasquale EB, 2005). The EphB/ephrinB system can mediate both forward and 
reverse signals (bi-directional signaling), in which signaling in the receptor cell means 
forward and signaling in the ligand-bearing cell is defined reverse.  
 
 
Adhesion and repulsion 
  
 As both Eph receptor and also ephrin ligand are membrane bound molecules, 
their interaction requires direct cell-cell contact. A role for Eph/ephrin function is 
described as well for attractive as also for repulsive cellular behavior. Yet it is open to 
resolve, how cells distinguish between Eph/ephrin mediated adhesion and repulsion, 
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as some receptor/ligand heterodimers are able to mediate both responses (Santiago 
and Erickson, 2002; McLaughlin et al., 2003). For members of the EphA/ephrinA 
class different mechanisms to perform these two opposite modes have been identified 
(Halloran and Wolman, 2006).  
 A mechanism for Eph/ephrin mediated repulsion has been described for the 
retraction of cell processes during axonal outgrowth. Here, extracellular cleavage of 
trans-bound ephrinA ligands by A-Disintegrin-And-Metalloprotease (ADAM)-10 is 
the basis for repulsion (Hattori et al., 2000). For the B class clusters, no such protease 
has been discovered yet, but two back-to-back publications from 2003 show in vitro 
studies, in which endocytosis of the Eph/ephrin complex is sufficient for cell 
detachments (Zimmer et al., 2003; Marston et al., 2003). Furthermore they showed 
that the cytoplasmic tail of the ligands must both be present and biologically 
functional for correct endocytosis of the complex into the receptor-expressing cell and 
thereby result in cell repulsion. In addition, they suggest that internalized Eph/ephrin 
vesicles may still be able to transduce signals (Zimmer et al., 2003; Marston et al., 
2003). 
 Not only repulsion but also promoted adhesion is necessary in various 
processes, which has been concluded from knockout experiments performed in mice 
(Holmberg et al., 2000; Dravis et al., 2004). Holmberg and colleagues describe 
furthermore, that alternative splice variants of EphA7 receptor seem to regulate 
adhesion versus repulsion.  
 
 
Rhombencephalic compartmentalization in Danio rerio 
  
 The vertebrate rhombomere formation is a lineage-restricted process, meaning 
that cells and their offspring reside in the rhombomere of origin and do not cross a 
rhombomere boundary (Fraser et al., 1990; Guthrie and Lumsden, 1991). Work in 
zebrafish has shown, that this mechanism also holds true for the hindbrain 
compartmentalization in the teleost (Xu et al., 1999). Labeled cells and their 
daughters are freely intermingling with each other within a compartment 
(rhombomere) but are not crossing a boundary if the respective signaling cascades are 
not impaired (Fig 5). Furthermore it has been shown, that EphB4/ephrinB2 signaling 
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in the zebrafish rhombencephalon is regulated by the transcription factor Valentino 
(Cooke et al., 2001) and that the EphA4a receptor is required for boundary formation 
in the hindbrain (Xu et al., 1999; Cooke et al., 2005). In animal cap assays, Mellitzer 
and co-workers also discovered that both EphA and EphB receptors, which can both 
bind to ephrinB2 in the hindbrain, are restricting cell mixing (Mellitzer et al., 1999). 
 
 
 
 
Midbrain-hindbrain boundary formation in Danio rerio 
 
 In 2004, Zervas and colleagues suggested that the murine midbrain-hindbrain 
boundary is a lineage restriction boundary (Zervas et al., 2004). Detailed time-lapse 
experiments revealed the mhb in zebrafish as indeed lineage restricted (Langenberg 
and Brand, 2005; review Kiecker and Lumsden, 2005). This boundary is positioned 
along the anteroposterior axis during gastrulation steps by Wnt8 propagation from the 
blastoderm margin (Rhinn et al., 2005). It has been shown, that Wnt8 induces the 
transcription of gbx1 and represses that of otx2. The adjacent expression of these 
transcription factors coincides with the formation of the mhb in later gastrulation 
stages. Losing Wnt8 function results in a posterior shift of the mhb. In addition, Wnt8 
protein is suggested to form a morphogen gradient, distributed from the blastoderm 
margin towards the anterior of the gastrulating embryo. The way of Wnt8 distribution 
is still not fully understood. 
Figure 5   Compartment boundaries can be 
visualized by marker analysis 
During growth, cell clones usually stay closer 
together and do not spread too far. Within a 
compartment these clones are free to divide and 
therefore irregular patches are detected (lower 
left patch). Cell clones along a 
compartment/lineage restriction boundary also 
divide randomly but cells do not violate those 
borders (upper left and right patch). Upon cell 
division transient violation can occur, but cells 
are soon sorting back to their endogenous 
domain, thereby giving rise to a smooth and 
straight border (dashed line). 
(Figure and text modified from Dahmann and 
Basler, 1999) 
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 The correct positioning of the mhb is of high importance as it carries organizer 
identity. The importance of secreted Fgf8 protein for this organizer has been shown 
(Reifers et al 1998). Therefore, an unstable or uneven organizer boundary can cause 
severe defects in neighboring tissue formation and differentiation (reviewed in Bally-
Cuif and Wassef, 1995). 
In different cell labeling experiments in the chick hindbrain it was observed, 
that the lineage restriction of rhombomeres is not completely strict during 
development (Birgbauer and Fraser, 1994). Also, in contrary to zebrafish and mouse 
results, the avian mhb was so far not defined as a lineage restriction boundary 
(Jungbluth et al., 2001; Louvi et al., 2003). As it was shown, during zebrafish 
gastrulation a sharp boundary between the transcription factors Otx2 and Gbx1 is 
forming by the propagation of Wnt8 from the blastoderm margin (Rhinn et al., 2005). 
Therefore the question arose, whether or not the zebrafish mhb is also defined by the 
lineage restriction mechanism. As mentioned above, the restrictive cell behavior was 
shown by both iontophoretic labeling as well as time-lapse cell tracking analysis 
(Langenberg and Brand, 2005). Furthermore it was discussed, that a quite large 
portion of cells are violating that boundary when labeled during early gastrulation 
steps (shield stage). Interestingly, this proportion of cells became much less with the 
onset of expression of Eph/ephrin molecules in the neural plate (for expression details 
see this work). Similar phenotypes were observed after cell transplantations in the 
hindbrain in Danio rerio (Schilling et al., 2001). Different mechanisms could re-
sharpen boundaries after such violations: (1) cells sort back into their endogenous 
domain (cell-sorting), (2) cells adapt the fate of the new surrounding tissue (cell-
plasticity), or (3) cells may also die (Fig 6).  
  
 27 
 
Figure 6   Mechanisms of rhombomere boundary formation 
Cell on the wrong side of a presumptive rhombomere boundary (expressing krox20 in 
presumptive rhombomere 2 in this example arrowhead in (a), schematized in (b)) can either 
move to the other side of the boundary (as in (c); a cell sorting-based mechanism) or regulate 
their gene expression to match that of their neighbors (as in (d); a cell-plasticity-based 
mechanism). In either case, the result is that the boundary sharpens (e). (Figure and text 
modified from Cooke and Moens, 2002) 
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Targeting Induced Local Lesions IN Genomes – TILLING 
 
 Overexpression and knockdown experiments are the tools of choice for 
studying possible functions of a specific gene of interest. In zebrafish, mRNA 
microinjection into cells of the developing embryo became a useful and versatile 
method of temporary overexpression. Transient knockdown assays are well achieved 
by the application of Morpholino antisense oligonucleotides via microinjection, which 
then block the RNA translation or potential splicing events. Thereby, the organism 
produces no mature protein of interest. Furthermore, the zebrafish is a well-
established model not only for forward but also for reverse genetics, which is used to 
generate stable mutant fish lines. In forward genetics an occurring mutation is 
identified first by morphological means (display of aberrant structures or 
developmental defects) and later the genetic structure is investigated. Reverse genetic 
assays base on the mutagenesis of individuals. Next an offspring library is 
established, which carries all possible resulting mutations. Afterwards, the mutations 
in the gene of interest are identified and finally the resulting phenotype is analyzed. 
The TILLING technique was developed from a high-throughput screen done in 
Caenorhabditis elegans (Liu et al., 1999). Using different chemicals, worms were 
randomly mutagenized and then screened for mutations by PCR and sequencing. This 
reverse genetic approach finally enables the identification of mutants in organisms, in 
which targeted knockout of genes is not possible (e.g. zebrafish). Using N-ethyl-N-
nitrosourea (ENU) healthy male adult zebrafish are exposed to an alkylating mutagen, 
which causes randomly point mutations in sperm and spermatogonia. The mutations 
are propagated from spermatogonia by outcrosses of mutagenized males to wildtype 
females, resulting in heterozygous F1 fish. To screen for point mutations in any gene 
of interest, gene specific primers can be designed. Preferentially early exons are 
chosen, to identify and thereby generate presumptive knockout zebrafish lines. 
LIMSTILL is a web-based tool, which for instance facilitates primer design, gives 
annotations from ensembl, and nicely calculates predictions for certain mutation sites 
based on conservation degrees between species (http://limstill.niob.knaw.nl/). The 
following screening procedure for mutations is done in a high-throughput approach by 
re-sequencing of PCR-fragments. The desired F1-carriers are subsequently mated to 
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wildtype zebrafish in several rounds, to dilute accompanying mutations out (87% 
should be lost after three generations) (Stemple, 2004; Sood et al., 2006).  
Examples for so far identified mutants using Tilling include in zebrafish rag1, 
dicer1 and apcmcr (Wienholds et al., 2002; Wienholds et al., 2003b; Hurlstone et al., 
2003), in Drosophila several mutations in the genes Sara, Alp23B and Arf6 (Winkler 
et al., 2005) and various others in plants (Arabidopsis, maize, Lotus). 
 
 
Figure 7   Efficient target-selected mutagenesis in zebrafish by Tilling 
Male zebrafish are mutagenized with ENU and outcrossed with wild-type females to generate 
a library of mutagenized F1 fish. Both males and females are finclipped. DNA is isolated from 
the clips and arrayed in PCR plates. Amplicons of target genes are selected and targets are 
amplified by PCR with gene-specific primers (1), followed by a nested PCR with internal 
gene specific primers (2). Hetroduplexes are formed. Conventionally samples are incubated 
with CEL-1 enzyme and fragments are analyzed by denaturing polyacrylamide gels (right 
side). After PCR, samples can also be sequenced directly. Fish carrying interesting mutations 
are recovered from F1 library by finclipping and resequencing. (Adapted after Wienholds et 
al., 2003a) 
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 Derived Cleaved Amplified Polymorphic Sequence (dCAPS) is a method to 
identify offspring clutches more efficiently and cheaper as compared to sequencing. 
The induced point mutation ideally altered a cleavage site for a restriction 
endonuclease. This can then be used in a digest assay to distinguish wildtype, 
heterozygote carriers and homozygote mutants (Neff et al., 1998; Neff et al., 2002). 
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Aim of the thesis 
 
 The midbrain-hindbrain-boundary in Danio rerio has been shown to be a 
lineage restriction boundary. As this region is an important organizer territory its 
correct establishment is of crucial role. Yet in no organism the underlying molecular 
mechanism has been described so far. I therefore used unbiased in vivo cell 
transplantation assays to study the behavior of cells in respect to the midbrain-
hindbrain boundary and thereby the lineage restriction mechanism.  
Furthermore, cell adhesion molecules of the Eph/ephrin system have been 
analyzed and described in hindbrain segmentation in zebrafish. Furthermore, 
expression patterns of members belonging to this Eph/ephrin system suggest their 
involvement in midbrain-hindbrain boundary formation. To gain insight in molecular 
mechanisms at the mhb, I performed different specific candidate gene approaches, 
such as transient knockdown by Morpholino application and the analysis of mutants 
obtained by TILLING, and analyzed the morphants/mutants in more detail. 
 
Combining these two projects, the following questions were addressed: 
 
- How do cells behave after transplantation with respect to the 
midbrain-hindbrain boundary? 
 
- Which adhesion molecules of the Eph/ephrin system are expressed 
and are specific interaction partners at the midbrain-hindbrain 
boundary? 
 
- How does ectopic or overexpression of these candidate genes affect 
brain morphology and specifically the behavior of cells with respect to 
the midbrain-hindbrain boundary? 
 
- Which primary developmental defects account for the loss-of-function 
phenotype of EphrinB2 both in the morphant as well as in the Tilling 
mutant ephrinb2bhu2971? 
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MATERIALS AND METHODS 
 
(I) Materials 
 
Technical equipment 
 
• Ball-joint-holder WPI 
• Glass capillaries WPI TW100F-3 (injection) 
WPI TW100-3 (transplantation) 
• Magnet holder MB-B (Kanetec) 
• Microbeveler  48000 (WPI) 
• Microinjectors  PV820 Pico-Pump with foot pedal (WPI) 
• Micromanipulators Narishige MN-151; Narishige MO-155 
(transplantation) 
• Needle puller Flaming/Brown P87 (Sutter)  
• Pipette holders MPH6S (injection); MPH3 (transplantation) 
• Stereomicroscopes Olympus SZX12 
Olympus MVX10  
• Microscopes Zeiss Axioplan 2 
Olympus BX61 
 
 
Chemicals 
 
All chemicals, if not noted otherwise, where purchased from Applichem, Merck, 
Roth and Sigma. Agarose was purchased from Pharmacia, while Low melting point 
(LMP) agarose was purchased from Invitrogen. 
 
 
Reagents and buffers 
 
• E3 medium 
 
5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2 x 2 
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H2O, 0.33 mM MgSO4 x 7 H2O, 0.2‰ methylene 
blue, pH 6.5 
• Danieau’s buffer  58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 
mM Ca(NO3)2, 5 mM HEPES, pH 7.6 
• Ringer 116 mM NaCl, 3 mM KCl, 4 mM CaCl2 x 6H2O, 4 
mM MgCl2 x 6H2O, 5 mM HEPES, pH 7.6 
• Penicillin/Streptomycin: 10000 units penicillin/ml and 10000 µg/ml 
streptomycin (Invitrogen) 
• Mounting medium: 1% (m/v) LMP agarose (Invitrogen) in E3 medium 
• Hybridization solution 
(Hyb+): 
50% deionized formamide, 5x SSC, 0.1% Tween-
20, 0.5 mg/ml torula (yeast) RNA, 50 µg/ml 
heparin, pH 6.0 (adjusted by adding 92 µl 1M 
citric acid per 10 ml Hyb+) 
• MABT: 150 mM NaCl, 100 mM maleic acid, pH 7.5 
• SSC (20x): 300 mM NaCl, 300 mM Na-Citrate, pH 7.0 
• PBS: 1.7 mM KH2PO4; 5.2 mM Na2HPO4; 150 mM 
NaCl 
• PBST: PBS, 0.1% Tween-20 
• PBSTr: PBS, 0.1% Triton X-100 
• PFA 4%: 4% (w/v) paraformaldehyde, 81 mM Na2HPO4 19 
mM, NaH2PO4 
• Mini-ruby  Dextran, tetramethylrhodamine and biotin, 10000 
MW, lysine fixable, stock at 50 mg/ml (D3312, 
Invitrogen) 
 
 
Molecular biology reagents 
 
All used restriction enzymes were purchased from New England Biolabs (NEB) 
and MBI-Fermentas. DNA ladder and RNA ladder were purchased from MBI-
Fermentas. For polymerase chain reaction (PCR), the used DNA polymerases were 
Platinum Pfx (Invitrogen) and AmpliTaq (Applied Biosystems). 
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Molecular biology kits 
 
• DIG labeling kit     Roche   
• DNA ligation kit     Takara   
• Gel extraction kit     Qiagen 
• Message Machine kit    Ambion 
• Mini/Midi-prep kit    Qiagen 
• PCR purification kit    Qiagen 
• QuickChange Site-directed mutagenesis  Stratagene  
• TOPO-Cloning kit    Invitrogen 
 
 
Plasmid DNA and constructs 
 
Plasmid DNA was transformed into bacteria, isolated and purified according to 
standard protocols. 
 
mRNA constructs for injection (overexpression): 
NAME GENE VECTOR SOURCE 
EfnB2a-myc Efnb2a pCS2+ this study 
Efnb2b-myc Efnb2b pCS2+ this study 
Efnb2b-Y78-myc Efnb2b pCS2+ this study 
 Table 1   mRNA constructs for injection 
EfnB2a-myc: 380bp5’utr_cds_6xmyc; EfnB2b-myc: 300bp5’utr_cds_6xmyc; EfnB2b-Y78-
myc: 300bp5’utr_partial cds_6xmyc (resembling hu2971 mutant) 
bp base pairs; cds coding sequence 
 
Antisense riboprobes 
NAME GENE SOURCE 
efnB2a EphrinB2a This study 
efnB2b EphrinB2b This study 
egr2b Early growth response 2b #15 
otx2 Orthodenticle homolog 2 #18 
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gbx1 Gastrulation brain homeobox 1 Rhinn, 2003 #321 
EphB4a EphB4a Durbin, 1998 #364 
EphB4b EphB4b Durbin, 1998 #353 
Table 2   Antisense riboprobes for in situ hybridization 
 
 
Antibody 
 
For the detection of the myc-tagged constructs in vivo the rabbit polyclonal IgG 
α-Myc antibody (Santa Cruz Biotechnology) has been used 1:500 (Hans et al., 2004). 
 
 
Morpholino antisense oligonucleotides 
 
 SOURCE SEQUENCE (5’-3’) 
MO1 Cooke et al., 2005 CGGTCAAATTCCGTTTCGCGGGA 
MO2 Koshida et al., 2005 AATATCTCCACAAAGAGTCGCCCAT 
MO3 this study TATAACTCCAGACAGTCGCATCCAT 
MO4 this study TGCGATGGAGAAACAGTTCAGCAGT 
Table 3   Sequences of Morpholino antisense oligonucleotides 
 
 
Primers for dCAPS assays 
 
EphrinB2a: 
MUTANT LINE SEQUENCE (5’-3’) 
EfnB2a_hu3479 TGACATCACTTCTCTTTGCAGC 
 GGAGTGCAGGGATCTAGCAA 
EfnB2a_e14 TGGAGTTCTTCAGAGGGAAAGAC 
 CGTATGTACACAAACACACGACTT 
Table 4   Sequences of primers in ephrinB2a dCAPS assays 
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EphrinB2b: 
MUTANT LINE                         SEQUENCE (5’-3’) 
EfnB2b_e16 outer TGAACTCTTGAAACTTGAAGG 
 outer ACAACTTTGAAGTTCTCACG 
 inner TCCCAGAAGAGGTGTAGTAGTA 
 inner AAGGTGAATTTGACGTCCTGG 
EfnB2b_hu2971 outer AACGCTTTTGCTGTGAGGATAACC 
 outer TTGTGTGGTAAACGCTCTTGC 
 inner AACATTGAATACTTCCGGGGTTA 
 inner TGATCATGAATCAGCACCTGAGG 
Table 5   Sequences of primers in ephrinB2b dCAPS assays 
 
 
Restriction endonucleases for dCAPS assays 
 
MUTANT LINE ENZYME ORDERING INFO 
EfnB2a_hu3479 BaeI R0613S, New England Biolabs 
EfnB2a_e14 Sau96I R0165S, New England Biolabs 
EfnB2b_e16 RsaI R0167S, New England Biolabs 
EfnB2b_hu2971 HpaI R0105L, New England Biolabs 
Table 6   Restriction endonucleases in dCAPS assays 
 
The individual genotyping strategies using the dCAPS strategy can be found in 
the appendix. 
 
 
(II) Methods 
 
Fish maintenance and embryo staging  
 
Zebrafish were raised and kept under standard laboratory conditions and embryo 
collection was performed as described (Westerfield M, 1994; Brand and Granato, 2000). 
For normal development fish embryos were raised in 1x Danieau’s or E3 media at 28ºC. 
To delay development embryos were raised in the same media either at room 
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temperature or conditioned at 22ºC in standard Petri dishes. Embryos were then staged 
morphologically according to criteria described (Kimmel, 1995).  
All used fish lines described in this study were of AB or TL background.  
 
 
Preparation of injection needles and technical setup 
 
Prior to injections, borosilicate glass capillaries containing an internal filament 
were pulled with help of the needle puller (Flaming/Brown P87 Sutter Instruments). 
Before filling the needle with the desired solution, its tip was broken off under the 
microscope using a scale in the objective of the microscope and fine forceps. Upon 
filling the solution in the prepared capillary it was assured that all the liquid has been 
collected in the tip, to avoid air bubbles during the injection process. A micropipette 
holder on a micromanipulator, which was connected to a pneumatic pico pump PV820, 
held the needle. Under constant pressure settings of the pico pump, the volume of a 
spherical drop of injection solution in oil and its concentration determined the desired 
amount of injection solution.  
 
 
Injection of mRNA or Morpholino antisense oligonucleotides 
 
Shortly after spawning, the embryos were collected in petridishes. For all 
injections, harvested embryos were manually dechorionated with forceps before the first 
cell became visible. For this, dishes coated with a thin layer of agarose (1-2% agarose in 
E3) were used, as otherwise the embryo will stick to the plastic of the dish. With a fire-
polished glass Pasteur pipette these dechorionated embryos were then transferred into an 
injection dish containing depressions, created by a custom made mold.  
For experiments involving a transplantation the embryos were moved after the 
injection to dishes, coated with agarose and 1x Danieau’s (1% agarose in 1x Danieau’s). 
Embryos injected with a Morpholino were transferred into agarose-coated dishes with 
E3.  
All mRNA solutions were kept as stock solution of 1µg/µl at –80ºC. All 
Morpholino solutions were kept as stock solutions of 1mM (dissolved in RNase-free 
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water) at –20ºC. Prior to injection, the desired solution was thawed on ice and the 
desired dilution was prepared using RNase-free water (mRNA) or 1x Danieau’s 
(Morpholino). For injections of Morpholino antisense oligonucleotides, 0.2% phenol red 
was added to visualize the solution during the injection. For injections necessary for 
transplantations rhodamine dextrane (“mini ruby”) was added. This biotin-conjugated 
dextrane allows labeling of transplanted cells fr analytic reason. Morpholino working 
solutions were kept up to one week at 4ºC and then discarded; mRNA solutions were 
discarded immediately after the injection. 
In all injections, the solution was injected directly into the cytoplasm at the one-
cell stage of the dechorionated embryos. After injection, the embryos were placed into 
their respective media and incubated at 28ºC. 
 
  
Preparation of transplantation needles and technical setup 
 
The transplantations were performed in dishes that carried single dents in the 
agarose (2% agarose in 1x Danieau’s), done by a custom made mold. In this way, every 
single embryo can be adjusted for the transplantation. Transplantation needles were 
made from glass capillaries without internal filament at the needle puller 
(Flaming/Brown P87 Sutter Instruments). The tip of those needles was then softly 
broken off with forceps and the remaining sharp edge was smoothened on a grinder 
(Bachofer). Different needles were prepared for transplantations at different time points 
(to fit the cell size ideally). The transplantation setup additionally required a capillary 
holder on a micromanipulator and the needle was attached to an air-filled tube and a 1ml 
syringe. The length and diameter of the tube influence the amount of graft. 
  
 
Transplantation of cells at sphere stage and at 80% epiboly 
 
For transplantations at 80% epiboly the injected embryos were first analyzed for 
homogenous distribution of the rhodamine dextrane by its fluorescence under a UV 
dissection microscope. Also the host embryos were studied and only those of healthy 
morphology and the correct stage were chosen. All selected embryos were transferred 
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with a glass Pasteur pipette to the transplantation dish with 1x Danieau’s, positioned and 
oriented in a row of donor and one of host embryos. Cells were then transplanted as 
extensively described in the “results” section. After transplantation both donor and host 
embryos were separately transferred into agarose-coated dishes (1% agarose in 1x 
Danieau’s) and incubated at 28ºC until the desired developmental stage for analysis.  
For the transplantations at 80% epiboly an additional grid that could be placed in 
the objective was used for reasons of precision. 
 
 
Whole-mount in situ hybridization (ISH) 
 
Embryos were fixed in 4% paraformaldehyde overnight at 4°C, washed for 3 
times 5min and dechorionated manually in PBST (0.1% Tween-20 in PBS). After 
dechorionation embryos were dehydrated by transfer for 5min each into 30%, 50%, 
70% methanol/PBS and 3 times 100% methanol and stored at –20°C for at least 30 
minutes. Rehydration was performed by transfer 5min each into 70%, 50% and 30% 
methanol/PBS and PBST, followed by post-fixation in 4% PFA for 20 minutes and 
subsequent washes in PBST. The embryos were transferred into 0.5ml tubes and were 
pre-incubated in Hyb+ solution for 1 to 6h at 65°C, followed by hybridization over 
night at 65°C with the probe diluted in Hyb+. The embryos were washed at 65°C for 10 
min each with Hyb-, 3 times Hyb-/2x SSCT 1:4, 2x SSCT and 2 times 30 min in 0.2x 
SSCT. Then, samples were washed at room temperature for 10 min each 2 times in 0.2x 
SSCT/MABT 1:1 and MABT followed by 2h incubation with 2% DIG-blocking 
solution (Roche Diagnostics, Germany) in MABT. After 4h incubation at room 
temperature with α-DIG antibody (alternatively over night at 4°C; Roche Diagnostics, 
Germany) diluted 1:4000 in 2% Block in MABT, embryos were washed 4 times 15 min 
each with MABT at room temperature. Embryos were transferred into well plates and 
incubated in BM Purple detection solution (Roche Diagnostics, Germany). The staining 
was performed for several hours at RT in the dark and stopped by washing 3 times with 
PBST, followed by refixation with 4% paraformaldehyde for 30 min and subsequent 
washing in PBST. Embryos were cleared in a series of glycerol solutions with 
increasing concentrations (30%; 50%; 70% glycerol in PBST) at room temperature and 
stored in 70% glycerol in PBST at 4°C. 
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Whole-mount double in situ hybridization (dISH) 
 
 The primary in situ hybridization follows the protocol above, including 
the incubation of both DIG- and Fluorescin-labeled probes over night at 65°C. All 
washing steps and the detection of DIG-labeled probe is performed in the dark 
(fluorescin-labeled probes are lightsensitive) according to the protocol for single in situ 
hybridization. After the detection of the DIG-labeled probe, the samples are carefully 
washed several times 5min in PBST, subsequently incubated 3 times 5min each in 0.1M 
Glycine/HCl (0.1%Tween, pH 2.2), again washed several times in PBST and postfixed 
1h in 4% PFA. The PFA is then rigorously washed off several times with PBST and the 
embryos transferred 5min into MABT. After 45min blocking in 2% DIG block/MABT 
at RT in the dark, the embryos are incubated in fresh α-fluorescin-AP antibody in 2% 
DIG block/MABT (1:2000) over night at 4°C in the dark. The antibody is taken off (no 
reuse) and the embryos washed 4 times 15min in MABT and following 15min in 0.1M 
Tris/HCl (pH8.2). Fast Red tablets were dissolved according to the package information 
and filtered through a 0.45 micron syringe (alternatively quickly centrifuged). Embryos 
were transferred to a well plate and incubated in the dark. The staining reaction was 
stopped by quick washes in PBST and PFA postfix (4%, 1h). Samples were washed 
several times in PBST and slowly cleared in a series of glycerol solutions with 
increasing concentrations (30%; 50%; 70% glycerol in PBST) at room temperature and 
stored in 70% glycerol in PBST at 4°C. 
  
 
Biotin detection of transplanted cells 
 
The detection of the transplanted donor cells in host embryos was performed 
using the Vectastain Elite ABC kit (Vector Laboratories, USA). Prior to transplantation 
the donor cells had been injected with biotin-conjugated rhodamine dextrane (“Mini 
Ruby”).  
The in situ hybridization was performed as described for ISH and dISH 
including the postfix step in PFA and the following washes several times in PBST. In 
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the meantime the AB-complex was prepared by mixing both 8µl of solution A 
(streptavidin) and 8µl of solution B (biotin-peroxidase) in 1ml PBST and vortexing this 
rigorously for 20seconds. This solution was incubated 30min in the dark at RT. The 
embryos were then incubated in the AB-complex for 45 minutes, shaking at room 
temperature. They were then washed 5, 10, 15 and 30 minutes with PBST on a shaker 
and finally transferred to a well plate. The staining solution was prepared from DAB 
and urea tablets (Sigma), which were each dissolved in 1ml PBST and kept in the dark. 
The embryos were first incubated few minutes in the DAB solution only and by adding 
the urea solution the reaction was started (keep dark). The procedure was stopped by 
several quick washes in PBST in the dark and subsequent PFA postfix for 30min. For 
clearing the embryos were again washed several times in PBST and slowly transferred 
through a series of glycerol solutions with increasing concentrations (30%; 50%; 70% 
glycerol in PBST) at room temperature and stored in 70% glycerol in PBST at 4°C. 
 
 
Generation of constructs 
 
 Full-length coding sequences of zebrafish ephrinB2a and ephrinB2b were 
amplified by PCR from constructs obtained initially from Julie Cooke (Durbin et al., 
1998; for more information see Brand plasmid database). Both 5’ utr regions were 
amplified by PCR from a cDNA-library of embryonic stages tailbud and 
midsomitogenesis. Primers were designed after blasting the coding sequences on 
Ensembl. The obtained PCR products were separately cloned into TOPO vectors 
(Invitrogen), followed by subloning into the pCS2+ vector to obtain the 5’utr regions, 
the coding sequence (cds) and the 6x myc fragment in one (a gift by Stefan Hans).  
From this construct synthetic RNA for injection or anti-sense RNA probes for in situ 
hybridization were received.  
 
 
Fin clipping technique  
 
Carrier and mutant fish obtained by Tilling were identified by PCR and enzyme 
digest on genomic DNA from fin clips. For extraction of genomic DNA, fish were 
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individually narcotized in MESAB, a small piece from the fin was collected in a 1,5 ml 
tube. 400µl lysis buffer with proteinase K were added, following 2 hour incubation at 
55°C (alternatively over night). To precipitate DNA, 500µl isopropanol were added and 
the tube was mixed by inverting several times. After centrifugation at13000 rpm for 15 
minutes at 4°C, the supernatant was discarded and the pellet washed with 70% ethanol, 
15min centrifuging again. Finally, the pellet was air dried for few minutes, dissolved in 
100 µl H2O and the respective amount was used for PCR (dCAPS assays).  
 
 
Site-Directed Mutagenesis 
 
A site-directed mutagenesis kit (Stratagene) was used to introduce single amino 
acid changes in particular genes. This was achieved by designing two complementary 
primers that harbor the desired mutations. With those, a PCR with a proofreading 
enzyme was performed. Subsequently, the DNA was subjected to a restriction digest 
with DpnI. This methylation sensitive enzyme only digests the methylated template 
DNA. Therefore, in the following transformation, only mutated, newly synthesized 
Plasmid DNA will be amplified. These plasmids were then analyzed for the desired 
mutation by sequencing. This so obtained construct was Efnb2b-Y78-myc (to 
phenocopy the ephrinB2bhu2971 mutant by overexpression). 
 
 
Synthesis of poly(A) mRNA for injection 
 
Before synthesis of mRNA, DNA of a pCS2+ expression vector, containing the 
desired insert, was linearized by digest with NotI restriction enzyme for 3h at 37°C. The 
pCS2+ plasmid contains a NotI (or other if indicated) restriction site after the poly (A) 
signal, which after mRNA injection into the embryo mediates the generation of a poly 
(A) tail at the end of synthetic mRNA, which stabilizes the RNA. The linearized DNA 
was cleaned using PCR purification kit (Qiagen) according to manufacturer’s 
instructions. The DNA was eluted in RNAse free water, checked for complete 
linearization by agarose gel electrophoresis and its concentration was determined using 
a UV spectrometer. The linearized DNA was stored at -20°C when not used 
 43 
immediately. Linearized plasmid DNA was then taken as template to synthesize mRNA 
in vitro using SP6, T3 or T7 polymerase reaction. This was performed by using the 
mMessage mMachine kit (Ambion, UK) and following the manufacturer’s instructions. 
After mRNA synthesis, the DNA was removed by a 30min DNase digest followed by 
precipitation of the mRNA using LiCl according to manufacturer’s instructions. The 
mRNA pellet was resolved in 12µl RNase-free water, the quality was checked by 
agarose gel electrophoresis and the concentration was determined using a UV 
spectrometer. Finally, the mRNA was diluted to a concentration of 1µg/µl and stored at 
-80°C. 
 
 
Synthesis of DIG and Fluorescin labeled probes for in situ hybridization 
 
DIG or Fluorescin labeled antisense riboprobes were synthesized from DNA 
plasmids containing cDNA of the gene of interest. The plasmid DNA was first 
linearized with the appropriate restriction enzyme and then used as a template for RNA 
synthesis, using a DIG/Fluorescin labeling kit (Roche Diagnostics, Germany). After 
synthesis, the DIG labeled RNA was precipitated by incubation with LiCl, overnight at -
20°C. The RNA was then pelleted by a 30-minute centrifugation at 13000 rpm at 4°C, 
washed with 70% ethanol and re-suspended in 100 µl of RNase-free water. This 
solution was further diluted to 500 µl with hybridization solution. Routinely, a dilution 
of 1:100 of DIG labeled probes and 1:20-1:100 for Fluorescin labeled probes of this 
stock was used for in situ hybridization protocols.  
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RESULTS 
 
The midbrain-hindbrain boundary (mhb) region in the zebrafish is of special 
interest as it carries identity of an organizer centre (isthmic organizer). As described 
before, these centers are highly important especially during embryonic development, as 
their subsequent interactions with neighboring tissues induce the body “bauplan” of 
organisms, so also in the neuroectodermal layer at the mhb. Therefore, an incorrect 
establishment will result in aberrant pattern formation and differentiation defects. 
Furthermore, it had been previously been shown that this mhb region is a lineage 
restriction boundary (Langenberg and Brand, 2005). 
The importance of this organizer tissue during development made it of high 
interest to uncover the underlying molecular mechanism(s) that leads to the observed 
lineage restriction behavior. Different approaches were taken in this work to gain insight 
in the restriction mechanism. The behavior of cells of diverse origin was analyzed in 
variable situations (part I) and the involvement of specific candidate genes was tested 
(part II-V). 
 
I  the in vivo cell transplantation assay 
II  the candidate genes 
III  the transient targeted knockdown of the ephrinB2 ligands 
 IV the genetic targeted knockdown of ephrinB2b 
 V the combination of genetic and transient knockdown of ephrinB2  
  
 
(I) In vivo cell transplantation assay 
 
Experimental setup and initial test experiments 
 
As has been described in detail above, the isthmic organizer had first been 
discovered through transplantation/grafting experiments. Over time, involved 
transcription factors and various secreted molecules, which have been shown to be 
essential for this isthmic organizer formation, have been identified.  
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Interestingly, the sharp interface between midbrain and hindbrain domains 
correlates with the expression patterns of the two transcription factors Otx2 and Gbx1. 
While otx2 is expressed in the presumptive fore- and midbrain area (the anterior 
neuroectoderm), gbx1 expression demarcates the presumptive hindbrain domain 
(posterior neuroectoderm). By double in situ hybridization analysis it was shown, that at 
60% of epiboly (7 hours post fertilization, hpf) the otx2 and gbx1 domains overlap by 3-
4 cell rows. This overlap disappears at the stage of 80% epiboly (8.3 hpf), resulting in 
two sharply separated domains that are directly adjacent to each other (Rhinn et al., 
2003). This observed expression pattern behavior of the transcription factors Otx2 and 
Gbx1 in combination with results obtained from single cell labeling experiments 
performed during gastrulation in the zebrafish neuroectoderm suggest, that 80% of 
epiboly is the critical stage of exact boundary formation including the onset of lineage 
restriction at the mhb in Danio rerio (Langenberg and Brand, 2005). 
To address the question, which underlying mechanism(s) may be important to 
prevent cell mixing at the mhb I performed an in vivo cell transplantation assay at 80% 
of epiboly. More specifically, with this assay I wanted to test, if once this boundary is 
defined the compartment restriction is maintained and ectopically implanted cells would 
try to sort back into their endogenous domain to prevent the formation of a wiggly 
border. 
Therefore, groups of cells were transplanted either from the posterior midbrain 
to the anterior hindbrain or vice versa (“heterotopic transplantation”; Fig 8, red arrows). 
As control experiments “homotopic transplantations” were carried out (midbrain cells 
into the host midbrain area and hindbrain cells into the host hindbrain domain; Fig 8, 
green arrows) and analyzed. The ex- and implantations were done in estimation of the 
position of the target tissue relative to the prechordal plate, notochord and margin. 
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Figure 8   Schematic overview of the in vivo cell transplantation assay at 80% epiboly 
Transplantation of otx2+ (A) or gbx1+ (B) cells across the mhb. Scheme represents zebrafish 
embryos at 80% epiboly, with fore- and midbrain neuroectoderm (otx2+) in blue and 
hindbrain domain (gbx+) in grey. Notochord and prechordal plate in brown. Donor embryos 
are left, hosts on the right side. Green arrows indicate “homotopic” (otx2+->otx2+; gbx1+-
>gbx1+) transplantations, red arrows “heterotopic” (otx2+->gbx1+; gbx1+->otx2+)   
 
 
The donor embryos were injected with a biotinylated rhodamine dextrane (“Mini 
Ruby”) at the one-cell stage. This cellular label was later detected in a DAB reaction, 
which visualizes the transplanted cell clones in a dark brown color. As marker for the 
mid- and hindbrain domains, otx2 (midbrain domain) and gbx1 (hindbrain domain) were 
used in all in situ hybridisations (giving a blue signal). 
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Establishing this method, I explanted cell groups from either midbrain or 
hindbrain domains and implanted the cells in any ectopic region, immediately fixed and 
analyzed both donor and host embryos by in situ hybridization and DAB reaction. Being 
able to detect expression of the marker gene of origin in the transplanted clones in the 
hosts and also the appearance of small, morphological “holes” in the ectodermal layer in 
donors (marking the explantation site) allowed the following conclusion: a high 
reproducibility in targeting of both posterior midbrain and anterior hindbrain area was 
achieved (here shown for both sites in donor embryos). 
 
 
Figure 9   Results of the initial in vivo cell transplantation assay 
A, B: Homotopic transplantations, immediate fixation, ISH and clone detection (A: otx+; B: 
gbx1+). C, C’: Homotopic otx2+-transplantation, fixation 11hpt. D, D’: Homotopic gbx1+-
transplantation, fixation 11hpt. E, E’: Heterotopic transplantation otx2+->gbx1+, fixation 
11hpt. F, F’: Heteritopic transplantation gbx1+->otx2+, fixation 11hpt. The ISH signals are in 
blue; clones visible in brown. The red line indicates the mhb at the respective developmental 
stage; rhombomeres 3 and 5 are indicated for embryos at 20somites.  
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In the next step, both reliability and reproducibility of the implantation step were 
directly tested (as the above mentioned setup already showed that indirectly). Here, I 
transplanted cells homotopically (cells from the posterior midbrain into the posterior 
midbrain and cells from the anterior hindbrain into the anterior hindbrain), fixed host 
and donor embryos immediately after transplantation and performed the same in situ 
hybridization and DAB detection. The depicted embryos demonstrate, I precisely 
targeted the respective regions (Fig 9A: Otx2-positive; Fig 9B: Gbx1-positive). Table 7 
summarizes the results of these homotopic experiments that were immediately fixed 
after transplantation. Nearly 87% of all transplanted midbrain clones (N=32/37) and 
80% of all hindbrain clones (N=74/92) were detected as being correctly targeted 
underlining the feasibility of this approach. 
 
Table 7   Reproducibility of homotopic transplantations at 80% epiboly 
N = number of embryos/clones transplanted and analyzed; positive hits describe the number of 
analyzed clones, that were indeed homotopic; negative hits describe the number of analyzed 
clones, that were explanted correctly but implanted ectopically; mhb overlap describe the 
number of analyzed clones, that were in contact with both the endogenous and an ectopic 
domain; reproducibility is the percentage of true homotopically transplanted clones (excluding 
negative hits and mhb overlapping clones) 
 
 
No directed cell sorting behavior in the initial transplantation assay detectable 
 
I then asked how transplanted cells behave over time and whether the 
surrounding target tissue influences their behavior in terms of migration and/or survival. 
Thus, I performed both homotopic and heterotopic transplantations at 80% of epiboly as 
described above and incubated the hosts until the 20-somite stage (19 hpf). This late 
somitogenesis stage was chosen to allow the heterotopically transplanted cells to 
undergo the predicted sorting back into their endogenous domain. Both homotopic and 
heterotopic transplantations were done in the same set of experiments, to reduce 
experimental error. The distribution of cell clones in the transplanted embryos was 
 N 
(transplants) 
positive hits 
(homotopic) 
negative hits 
(non-homotopic) 
mhb overlap reproducibility 
(%) 
otx2+ -> otx2+ 37 32 4 1 86.5 
gbx1+ -> gbx1+ 92 74 13 5 80.4 
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analyzed by in situ hybridization, using a set of markers that allows the distinction of 
domains along the anteroposterior axis. Hence otx2 (its posterior expression demarcates 
the mhb) and egr2b (identifies rhombomeres 3 and 5) were chosen. The analysis of the 
homotopic cases for midbrain cells (otx2-positive) showed that only four of 11 clones 
were still detected in the otx2-positive domain at 20 somites (Fig 9C). Furthermore, one 
cell clone was spanning the midbrain-hindbrain boundary and six clones were found 
posteriorly to the mhb (Fig 9C’). The clones that are not situated within the otx2-
positive midbrain do not seem to express their endogenous otx2 marker any longer, 
suggesting otx2 RNA is no longer transcribed in these cells. In the series of 
homotopically transplanted hindbrain cells (gbx1-positive), all clones were identified in 
the hindbrain at 20 somites, whereas it is noteworthy that 19 of 20 transplanted clones 
were detected posterior to rhombomere 5 (Fig 9D, D’).  
As mentioned above, I performed the heterotopic experiments in the same 
procedure, to reduce experimental error. Both otx2-positive cells were explanted from 
the midbrain at 80% of epiboly and implanted into the presumptive hindbrain (gbx1-
positive domain) and gbx1-positive cells were explanted from a donor hindbrain and 
implanted into the posterior midbrain of a host (otx2-positive domain) at the same stage. 
Table 8 summarizes the datapoints for both homotopic and heterotopic experiments 
performed at 80% of epiboly with the analysis at 20 somites. 
 
Table 8   Analysis of transplanted cell 11 hours post transplantation 
N = number of embryos/clones transplanted and analyzed; in otx2+ domain describes the 
number of cell clones, that were detected in the midbrain; posterior otx2+ domain describes the 
number of clones, that was identified in the gbx1+ domain; mhb overlap describes the clone, that 
was spanning the midbrain-hindbrain boundary at the time of analysis 
*1 19 of 20 clones were posterior of rhombomere 5 
*2 all clones in rhombomere 2-4 and 6 
*3 all clones in rhombomere 1-3 
 
 N 
(transplants) 
in otx2+ domain posterior otx2+  
domain 
mhb 
overlap 
otx2+ -> otx2+ 11 4 6 1 
gbx1+ -> gbx1+ 20 0 20 *1 0 
otx2+ -> gbx1+ 15 0 15 *2 0 
gbx1+ -> otx2+ 22 2 20 *3 0 
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Analyzing the heterotopic cases of midbrain cells transplanted into the hindbrain 
domain one can see that not a single clone is detected in its endogenous otx2-positive 
domain at 20 somites. About 50% of the clones (N=7/15) are found in rhombomere (rh) 
2 (Fig 9E), one clone in rh3, two clones in rh4 and five clones in rh6 (Fig 9E’). The 
clonal distribution was also analyzed for the case of hindbrain cells that were implanted 
in the midbrain domain at 80% of epiboly. Out of 22 embryos, 20 of these clones were 
scattered in the more anterior hindbrain (rhombomeres 1 to 3; Fig 9F) and two clones 
were detected as very compact chunk in the otx2-positive midbrain (Fig 9F’). In these 
two cases it could also be possible, that they still expressed their endogenous marker 
otx2. 
These results were rather surprising, as it was expected to locate the clones after 
these transplantations and incubation times in their respective endogenous domains. To 
get a better picture of the cellular rearrangements happening, I decided to perform a 
homotopic otx2-positive assay with reduced incubation time post transplantation. I 
transplanted cells between the posterior midbrain of donor and host embryos and fixed 
some hosts immediately after the implantation as controls for the analysis of targeting 
reproducibility. After the in situ staining with otx2 and the DAB detection the correct 
targeting was achieved in 90% of the cases, which indicated a high reproducibility 
(N=9/10). The majority of transplanted embryos in this series was incubated until the 4-
somite stage and then analyzed by in situ hybridization using otx2 and egr2b as markers 
and the DAB detection to mark the clones. At this stage, already only 50% of the 
identified clones were situated in the otx2-positive domain (N=21/42). Three clones 
were spanning the mhb and 18 clones were posterior the midbrain domain marked by 
otx2 (data not shown). 
Taken together these results, it is suggested that the predicted origin-depending 
sorting behavior is not happening at 80% epiboly in the zebrafish. While this could be 
interpreted to mean that no lineage restriction boundary has established at this 
developmental stage yet, other explanations were not ruled out. Especially the results of 
the otx2-positive homotopic assay were surprising, as a high percentage of the clones 
were not identified in their endogenous domain (50% at 4 somites, 64% at 20 somites).  
One important issue that arose with the results of both heterotopic assays was 
the importance of the correct implantation site. The basic idea, that adhesion molecules 
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play a crucial role in establishing a stable, lineage-restricted boundary requires direct 
cell-cell contact. Therefore implanted cell clones should be brought in direct contact to 
their endogenous domain. This consideration led to change the experimental setup. 
 
 
Implantation of cell clones overlapping the midbrain-hindbrain boundary 
 
If adhesion molecules are indeed mediating the lineage restriction mechanism at 
the mhb by sorting events of so called boundary cells, I altered the implantation site 
slightly. It has to be taken into account, that “blind” implanted cell clones (not in direct 
cell contact with their endogenous domain) will not be able to show a directed sorting 
behavior. I changed the experimental setup by implanting each cell clone, independently 
of its origin, overlapping the midbrain-hindbrain boundary, so the implanted group of 
cells is in contact with both the midbrain and also the hindbrain domain. Additionally, I 
took advantage of an ocular grid, which contains an x-axis and y-axis, similar to a 
coordinate system. I placed the embryo in such a way in the visual field, that its margin 
was aligned with the x-axis and the notochord with the y-axis (Fig 10A).  
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Figure 10   Scheme and results of optimized cell transplantation assay of otx2+ cells 
A: Schematic drawing of embryo at 80% epiboly, transplantation of otx2+ cells challenging 
the mhb (indicated in dark blue). Scale is visual aid for precise targeting of the mhb. B-C’: 
control transplantations for correct targeting of otx2+ domain (B, B’) and the mhb (C, C’) with 
direct fixation after transplantation. D-G’: Results of described transplantations with fixation 
2hpt (bud stage), after ISH against otx2 (blue staining). Embryos are flat-mounted, dorsal 
view. Red arrows indicate clones before and after detection of biotin in the same embryo. 
 
 
No directed cell sorting behavior of midbrain cells at the mhb 
 
To test the correct coordinates for the explantation of otx2-positive cells, I took 
groups of cells from the respective tissue and implanted them far in an ectopic domain, 
where otx2 is not expressed. The transplanted embryos were immediately fixed after 
implantation and analyzed by in situ hybridization using otx2 (Fig 10B, B’). Both panels 
show the same host, on the one hand before the detection of the cell label incorporated 
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in the explanted cells (Fig 10B) and on the other hand after the detection (Fig 10B’). 
The endogenous otx2 staining is clearly detected in the clone, which shows that cells 
were indeed explanted from the otx2-positive domain (arrows in Fig 10B, B’). Defining 
the coordinates for the precise implantation site (clone is overlapping the mhb) was 
done in the same way. Immediately after implantation the hosts were fixed and analyzed 
by in situ hybridization and DAB detection (Fig 10C, C’). As aimed, the implanted cells 
formed a coherent clone, which was in contact with both the otx2- and the gbx1-positive 
domain (compare pictures C and C’). The transplants were analyzed at the end of 
gastrulation and host embryos were therefore fixed at tailbud stage (10 hpf and 2 hours 
post transplantation). In Table 9 the obtained results are summarized. 
 
Table 9   Analysis of otx2+ cells and their distribution two hours post transplantation 
N = number of embryos/clones transplanted and analyzed; dom = domain; mhb overlap = cell 
clone spanning the mhb and therefore in contact with both endogenous and ectopic tissue; mhb 
distant = cell clone negative for otx2 marker expression and distant from the mhb (very 
posterior) 
* two of the three clones were negative for endogenous otx2, the remaining was otx2+ 
 
Considering previous results obtained by the formerly done transplantations (see 
above) and the different ways implanted clones could behave, two scenarios could be 
possible: on one side the clone could still reside overlapping the midbrain-hindbrain 
boundary two hours post its implantation, and on the other side these cells could have 
sorted into their endogenous domain. Only one host was bearing the otx2-positive clone 
in its otx2-positive domain, whereas three clones were still overlapping the mhb. At 
least two of them did not express their endogenous marker (otx2) anymore in a level, 
which could be detected (Fig 10D, D’). The majority of implanted cell clones were 
either found in the gbx1-positive domain or posterior of it. Two of these clones were at 
least still partially positive for otx2 (Fig 10E, E’) whereas the remaining six clones were 
no longer positive (Fig 10F, F’). One interesting observation was that these two positive 
clones were also the largest coherent ones recognized. Five clones were identified very 
secluded from the border, none of them expressing the endogenous marker otx2 (Fig 
N 
(transplants) 
otx2+ cells in 
otx2+ dom 
otx2- cells in  
otx2+ dom 
otx2+ cells in 
gbx1+ dom 
otx2- cells in 
gbx1+ dom 
mhb 
overlap 
mhb 
distant 
     17        1        0       2        5     3*     6 
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10G, G’). Therefore, only 30% of the implanted clones are still expressing their 
endogenous marker 2 hours post transplantation (N=5/17; table 3). 
 
 
No directed cell sorting behavior of hindbrain cells at the mhb 
 
Analyzing the behavior of gbx1-positive cells was also initiated by establishing 
explantation coordinates. An illustration explaining the transplantation mode is 
schematized in Figure 11A.  
 
Figure 11 Scheme and results of optimized cell transplantation assay of gbx1+ cells 
A: Schematic drawing of embryo at 80% epiboly, transplantation of gbx1+ cells challenging 
the mhb (indicated in grey). Scale is visual aid for precise targeting of the mhb. B-C’: control 
transplantations for correct targeting of gbx1+ domain (B, B’) and the mhb (C, C’) with direct 
fixation after transplantation. D-G’: Results of described transplantations with fixation 2hpt 
(bud stage), after ISH against gbx1 (blue staining). Embryos are flat-mounted, dorsal view. 
Red arrows indicate clones before and after detection of biotin in the same embryo.  
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A representative for the correct explantation coordinates for gbx1-positive cells 
is presented before and after the donor cell-label detection (Fig 11B before and Fig 11B’ 
after detection). The defined coordinates for targeting the mhb were established from 
the otx2 assay already, yet an example is shown here again for the transplantation of 
hindbrain positive cells marked by gbx1 (Fig 11C, C’). The data points collected from a 
series of gbx1-positive cell clones overlying the midbrain-hindbrain boundary for two 
hours are combined in Table 10. Four cell clones originating from the gbx1 donor 
domain are found in the gbx1-positive domain and another four clones were still 
overlapping the mhb two hours post transplantation in the host embryos. Similar to the 
otx2 case, no endogenous marker gene expression was detected in these mhb-
overlapping clones (Fig 11D, D’). A total of eight clones were identified in the ectopic 
otx2 domain, and again the two largest of them still carried their endogenous RNA, 
represented by the blue staining obtained by in situ hybridization (Fig 11E, E’). The 
remaining six host embryos presented clones negative for gbx1, three of them were 
situated in near range to the gbx1-positive domain (Fig 11F, F’), the three remaining 
ones were identified further to the anterior of the embryo (Fig 11G, G’). 
 
Table 10   Analysis of gbx1+ cells and their distribution two hours post transplantation 
N = number of embryos/clones transplanted and analyzed; dom = domain; mhb overlap = cell 
clone spanning the mhb and therefore in contact with both endogenous and ectopic tissue; mhb 
distant = cell clone negative for gbx1 marker expression and distant from the mhb (quite 
anterior) 
 
As both assays show, neither endogenous Otx2 RNA nor endogenous Gbx1 
RNA was present in the majority of transplanted clones two hours post transplantation. 
Taking into account the controls performed and shown in Figures 10B-C’ and 11B-C’, it 
is very unlikely that these results are due to incorrect targeting of transplanted cells. A 
possible explanation to the observed outcome could be the plasticity of transplanted 
cells at the transplantation stage of 80% epiboly. This will be discussed in more detail 
later. 
N 
(transplants) 
gbx1+ cells in 
gbx1+ dom 
gbx1- cells in  
gbx1+ dom 
gbx1+ cells in 
otx2+ dom 
gbx1- cells in 
otx2+ dom 
mhb 
overlap 
mhb 
distant 
      16         4        0        2        3     4     3 
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(II) The candidate genes 
 
Expression pattern analysis of ephrin ligands and Eph receptors 
 
Detailed analysis of caudal hindbrain segmentation in Danio rerio revealed the 
crucial role for adhesion molecules of the Eph/ephrin class (Cooke et al., 2001). To 
identify possible candidates of this class of molecules that might function at the 
midbrain-hindbrain boundary, comprehensive in situ hybridizations were performed at 
different developmental stages (40% epiboly, shield, 80% epiboly, tailbud, 5 somites, 
15 somites and 24 hpf). The investigated gene expression patterns comprise those of the 
ligands ephrinA2, ephrinA5a, ephrinA5b, ephrinB1, ephrinB2a, ephrinB2b, ephrinB3, 
and the receptors EphA2, EphA4a, EphA4b, EphB2, EphB4a and EphB4b. The ligands 
ephrinB2a and ephrinB2b and the receptors EphB4a and EphB4b revealed the most 
interesting expression pattern, as there are directly adjacent expressed to each other and 
this interface correlates with the midbrain-hindbrain boundary. These candidates were 
therefore examined in more detail. 
The expression of the ephrinB2a ligand is initiated at about 40% of epiboly (5 
hpf) in the dorsal marginal area (Fig 12A). At shield stage (6 hpf), ephrinB2a 
expression intensifies in the margin and anterior to the shield (Fig 12B). With 
progressing gastrulation, the expression pattern remains in the marginal zone and also 
the cells of the notochord are positive for ephrinB2a (Fig 12C, D). From 80% epiboly 
onwards, the presumptive caudal hindbrain region is expressing this marker (Fig 12D, 
E). This initially thin domain first broadens and then gets subdivided until tailbud stage 
(arrows, Fig 12E, F). The counterstaining with the fore- and midbrain marker otx2 
shows clearly a gap between the mhb (demarcated by the posterior expression border of 
otx2, in red) and the margin at 80% epiboly and later the first rhombencephalic stripe of 
ephrinB2a expression (Fig 12D, F). At the 5-somite stage (nearly 12 hpf), ephrinB2a 
shows a complex pattern, with prominent expression in the forebrain, rhombomeres 1, 
2, 4 and 6/7 and developing somites (Fig 12G). Interestingly, at this stage ephrinb2a is 
expressed directly adjacent to otx2 (Fig 12G’). Figure 12H gives an overview of 
expression domains at 15-somites (16.5 hpf), which are in the eyes, the forebrain, 
rhombencephalic subdomains and in the region of newly forming somites. 
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Figure 12   In situ expression pattern of the ephrinB2a ligand 
EphrinB2a staining is visualized in blue staining in every panel; otx2 antisense-RNA probe is 
shown in red stain and red arrows indicate the mhb (D, F, G’). Panels B-H are dorsal views. 
A: efnB2a expression is initiated in the germ ring at 40% epiboly. B: strong efnB2a 
expression in the germ ring at shield stage. C: marginal tissue, notochord and prechordal plate 
express efnB2a during gastrulation. D-F: efnB2a is present in cells of the caudal hindbrain 
with progressing gastrulation; towards tailbud stage a stripe-like pattern becomes apparent 
(indicated by black arrows in E and F). the co-stain with otx2 reveals a gap between the mhb 
and efnB2a expression. G: efnB2a is prominent in forebrain, rhombomeres 1, 2, 4 and 6/7 and 
somites at 5somites. G’: blow up of G. dISH indicates the direct efnB2a expression at the 
mhb, demarcated by otx2 (in red). H: at midsomitogenesis stages is the ligand present in the 
eyes (e), forebrain (fb), rhombencephalic subdomains and the somites (s). 
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As described for its paralogous ligand, also ephrinB2b expression is first 
detected at 40% of epiboly in the dorsal marginal zone (Fig 13A), and at shield stage 
this domain broadened throughout the whole blastoderm margin including the shield 
(Fig 13B). Similar to ephrinB2a, also ephrinB2b is strongly expressed in the marginal 
tissue at 75% epiboly (8 hpf), but the pattern of the latter decreases diffusely towards 
the animal pole of the embryo (Fig 13C). At the stage of 80% epiboly different 
expression levels become apparent. While in the blastoderm margin and the forebrain 
high RNA levels could be detected, the notochord and hindbrain give a weaker in situ 
hybridization signal (Fig 13D). At this time point, the strongest expression of ephrinB2a 
could be detected in the hindbrain area. In contrast to its paralogue, ephrinB2b is 
directly expressed adjacent to the posterior border of otx2 (Fig 13D, arrowhead). This 
important domain is maintained throughout the end of gastrulation until at least the 5-
somite stage, but vanishes during later somitogenesis (arrowheads in Fig 13F, G’; Fig 
13H). Comparable to the fore- and midbrain expression of ephrinB2a also ephrinB2b is 
detected in these domains at 5 somites, however this pattern gets decreased to a broader 
stripe in the midbrain at 15 somites (Fig 13G, H) but is absent from the optic vesicle. 
The highest level of ephrinB2b-RNA could be detected by in situ hybridization in the 
bud region at late somitogenesis (Fig 13H). 
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Figure 13   In situ expression pattern of the ephrinB2b ligand 
EphrinB2b staining is visualized in blue staining in every panel; otx2 antisense-RNA probe is 
shown in red stain and red arrows indicate the mhb (D, F, G’). Panels B-H are dorsal views. 
A: efnB2b expression is initiated in the germ ring at 40% epiboly. B: strong and broad efnB2b 
expression in the marginal zone at shield stage. C: strong and diffuse efnB2b stain in the 
marginal tissue during gastrulation. D-F: efnB2b is present in cells of the entire hindbrain with 
progressing gastrulation. The co-stain with otx2 reveals a direct adjacent expression of otx2 
and efnB2b at the mhb (D and F). G: efnB2b is prominent in forebrain, rhombomeres 1, 2, 4 
and 6/7 and somites at 5somites. G’: blow up of G. co-stain with otx2 (in red) indicates the 
direct efnB2b expression at the mhb. H: at midsomitogenesis stages the ligand is present in 
the forebrain (fb), weakly in the rhombencephalon and the strong in the bud region. 
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In situ hybridizations for the paralogous receptors EphB4a and EphB4b revealed 
highly similar expression patterns. Their onset of expression differs as such, that 
EphB4a was detected in the whole margin and strongest in the shield, while EphB4b 
was found in the shield only (Fig 14A, B). This initial difference vanished during the 
following gastrulation steps and the patterns are nearly identical. Therefore a series of 
later stages is shown for EphB4b only. As epiboly proceeds, the expression of both 
receptors remains in the margin and the forerunner cells are labeled (Fig 14C). At about 
85% a stripe of expression appears in the neuroectoderm, which intensifies and overlaps 
with the most posterior otx2 signal (Fig 14D-G). Figure 14F shows an embryo stained 
for EphB4a to illustrate an additional, weak, stripe-like expression domain that becomes 
apparent in the rhombencephalon, which is not positive for EphB4b (arrows, Fig 14F, 
G). The described posterior-most midbrain expression, positive for both EphB4a and 
EphB4b receptor, becomes broader within this domain until the 5-somite stage and 
demarcates the posterior border of the midbrain, which is shown in a counterstaining 
with otx2 (Fig 14H, H’). During somitogenesis the expression levels in this area 
decrease (Fig 14I). Also, high levels of the receptor RNA are detected in the bud region, 
where the forerunner cells reside (Fig 14H, I).  
 
A commercial antibody, which is most probably specifically recognizing 
EphrinB2a, has been available but gave clear signals in immunohistochemistry stainings 
at later somitogenesis stages only. Even though the obtained staining resembled those of 
in situ hybridizations, it failed to detect cells specifically during gastrulation stages. 
Against the other epitopes, no antibody was available. Therefore, one can only estimate 
the protein distribution from the expression patterns analyzed by in situ hybridizations. 
The striking temporal and spatial expression patterns of the ephrinB2 ligands and the 
EphB4 receptors are consistent with their possible function at the midbrain-hindbrain 
boundary in zebrafish development. 
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Figure 14   In situ expression patterns of the EphB4 receptors 
EphB4a and EphB4b staining is visualized in blue staining in the respective panels; otx2 
antisense-RNA probe is shown in red stain and red arrows indicate the mhb (F, G, H’). Panels 
A and B are top views, C-I are dorsal views. Only at the onset of expression does the pattern 
differ largely, therefore only EphB4b staining is shown for later stages (except bud stage to 
demarcate a slight difference). A: EphB4a expression is initiated in the germ ring at shield 
stage. B: EphB4b expression is initiated in the shield at shield stage. C-G: EphB4 receptor 
expression remains in the germ ring/marginal tissue during gastrulation. In C also the 
forerunner cells (fc) express higher levels of the receptor RNA. D-E: EphB4 receptor RNA is 
present in cells of the posterior midbrain (tectum) with progressing gastrulation. F-G: The co-
stain with otx2 reveals a direct overlapping expression of otx2 and both EphB4 receptors at 
the mhb. The black arrows indicate an additional weak stripe-like band in the hindbrain tissue 
expressing EphB4a (F), but not EphB4b (G). H: the receptor RNA is strongly prominent in 
the midbrain and bud at 5somites. H’: a blow up of H. EphB4b expression is in the tectum, 
shown by overlapping expression with otx2 (in red). I: at midsomitogenesis stages are the 
receptors restricted to a strong expression in the bud and weaker expressions in the fore- and 
midbrain.  
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In vivo cell sorting assay using manipulated donor cells 
 
The cell transplantation assay at 80% of epiboly did not show any directed cell 
movement post implantation towards a respective endogenous domain. In contrary, the 
transplanted clones seem to have adopted a new cell fate, as they did not express 
endogenous marker genes two hours post transplantation. I therefore decided to follow a 
different approach, using cells with altered RNA expression levels and transplanting 
these at the earlier sphere stage of development. In this experimental setup cells of 
ephrinB2b mRNA injected embryos were transplanted into wildtype hosts at sphere 
stage and analyzed for the distribution of transplanted cells at the 20-somite stage. To 
find an appropriate clone size for transplantation, test experiments were carried out 
using one, five or ten wildtype donor cells. Five embryos were counted for each setup 
and all cases indicated around 3.5 cycles of cell division, assuming that each cell is 
diving in every round. Table 11 presents a summary of these data. 
 
Table 11   Calculation of transplanted wildtype cells 11 hours post transplantation  
N1 = number of cells implanted into one host embryo; N2 = number of analyzed embryos; ∑ = 
sum of all counted cells; NØ = average number of daughter cells per embryo (in absolute 
number) 
 
Transplanting ten cells, the distribution of 100 cells per embryo in average in the 
neuroectoderm only had to be counted. Transplanting one cell resulted in 14 daughter 
cells at the time of analysis. Reliable counting of 100 cells in the neuroectoderm per 
embryo was not given due to this high number. Also evaluating the distribution of 14 
cells per embryo in average was not giving reliable data. I therefore took three to five 
donor cells from the host embryo at sphere stage in the forthcoming transplantations, 
resulting in about 60 cells per embryo at 20 somites. 
 
N1 
(implanted cells) 
N2 
(counted embryos) 
∑ 
(all counted cells) 
NØ 
(Ø cells per embryo) 
10 6 619 103 
5 5 299 60 
1 5 69 14 
 63 
 
Transplantated EphrinB2b-overexpressing cells do neither sort towards or into 
endogenous domains in host embryos 
 
To bypass the described potential plasticity of transplanted cells and to further 
elucidate the specific functions of the Eph/ephrin system, full-length constructs of 
candidate genes were injected into the cytoplasm at the one cell stage embryo, in 
combination with a cell labeling dye (Fig 15A). As a starting point I decided to perform 
this assay with the ephrinB2b ligand, as its expression pattern throughout early 
gastrulation stages suggested a possible function at the mhb.  
The ephrinB2b mRNA construct was injected in two different doses in the 
cytoplasm of donor embryos and at sphere stage, three to five cells were transplanted 
from the animal pole of these embryo (most naïve tissue regarding inductive events) 
into host embryos. As at this early developmental stage the dorsal side is not yet evident 
(it becomes indicated by the shield at shield stage), the implantation was depicted at a 
45° angle off the animal pole only, based on fate map analysis (Woo and Fraser, 1995). 
The embryos were fixed at 20 somites and stained for fore- and midbrain by otx2 and 
for hindbrain compartments by egr2b (marking rhombomeres 3 and 5). Subsequently, 
the transplanted cells were detected by DAB reaction. Figure 15B shows an example, 
with the in situ signal in blue and the clonal cells in brown color. Finally, the clonal 
distribution of transplanted cells in the neuroepithelium was analyzed along the 
anteroposterior axis (a-p axis). In this approach, we expected the wildtype cells (control) 
to distribute evenly along the a-p axis, whereas the overexpressing cells were expected 
to sort into or towards any endogenous ephrinB2b-positive domain, similar to what has 
been observed before (Xu et al., 1999). 
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Figure 15   Transplantation of EphrinB2b-overexpressing cells at sphere stage 
A: Donor embryos were injected with the respective mRNA and a cell tracker (“Mini Ruby”). 
At sphere stage animal pole cells were explanted from the donors and implanted at a 45° 
angle into the hosts. B: At 20 somites the hosts were fixed and stained against otx2 and egr2b 
by ISH (blue signal), the clones were detected by DAB reaction (brown signal), and the 
embryos finally flat-mounted. Clonal distribution along the embryonic anteroposterior axis 
was analyzed under magnification. C: Graph shows the normalized clonal cell distribution 
along the a-p axis. The red line indicates the mhb.  
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However, ectopic expression of ephrinB2b lead to the phenotype, that 
overexpressing cells were in many cases not integrated into the neuroepithelial tissue 
but were rather expelled from the embryo. This observation was only made for 
Eph/ephrin overexpressing cells. Due to this phenotype and the uncontrollable 
implantation regarding the neuroectoderm, only a limited number of transplants could 
be analyzed, which had less integrated cells per embryo compared to the wildtype test 
transplantations (N=22 embryos for 50pg ephrinB2b, N=9 embryos for 100pg 
ephrinB2b and N=5 embryos as wildtype control).  
The results of the cell distribution along the a-p axis obtained is graphically 
shown in Figure 15C. There are three differently colored bars, representing the 
transplanted cells injected with 50pg ephrinB2b in blue, the ones injected with 100pg 
RNA in red and wildtype cells as control assay in yellow. Furthermore, the graph 
demonstrates a normalized cell distribution, which means that the sum of all counted 
neuroepithelial cells (absolute cell number) equal 100% cells per assay. By this mean, 
the variance of absolute cell numbers between the embryos was equalized. The absolute 
cell numbers obtained are represented in the table underneath the graph.  
Even though, the majority of ephrinB2b-overexpressing cells could be identified 
in the posterior midbrain and anterior hindbrain (rh 1, 2), where a sorting event was 
especially expected, no convincing differential enrichment was observed (Fig 15C). 
According to the expression pattern of ephrinB2b during gastrulation and 
somitogenesis, one would expect to detect a higher preference of ephrinB2b-positive 
cells towards the anterior hindbrain and an avoiding (“sorting-out”) behavior for the 
posterior midbrain. Interestingly, between rhombomeres 2 and 3 a sudden decrease in 
cell number is obvious, but nevertheless the endogenous ephrinB2b-positive 
rhombomere 4 is also highly absent of transplanted cells (Fig 15C). Wildtype daughter 
cells distributed quite evenly along the a-p axis until rhombomere 3, where the clonal 
cell number drops similar to the observed behavior of the overexpressing cells.  
It became obvious during the analysis that the cell distributions also within each 
class were rather variable. To address this problem, I decided to co-transplant wildtype 
control cells together with manipulated cells. This should enable a direct normalization 
of the sorting of injected cells to control cells. 
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EphrinB2b overexpression and transplantation at sphere stage, including internal control  
 
In the previous experimental setup, wildtype and ligand-overexpressing cells 
were transplanted into separate embryos. As the implantation site can only be guessed 
(as described above) each individual host is most probably targeted differently. I 
therefore reckoned that an internal control of labeled wildtype cells, transplanted in the 
same step, will give a more reliable comparison of cell behavior between 
overexpressing and control cells.  
One-cell stage donor embryos were either injected with both the full-length 
ephrinB2b mRNA and rhodamine dextrane as cell label or with a green fluorescent dye 
only. At sphere stage, cells from both donors were transplanted together (Fig 16A). The 
implanted embryos were incubated until the 20-somite stage and then analyzed as 
explained above (Fig 16B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16 (next page)   In vivo cell sorting assay using EphrinB2b-overexpressing cells 
A: Schematic drawing of the transplantation set up. Donor embryos were either injected with the 
cell tracker rhodamine dextrane (“Mini Ruby”, red color) or GFP-mRNA (green color; internal 
wildtype control). At sphere stage animal pole cells were explanted from both donor embryos 
and implanted into hosts in a 45° angle. Two explantation modes were performed: 3 red cells 
followed by 3 green were explanted (upper explantation needle) and each 3 red and 3 green cells 
were explanted alternating in the capillary (lower explantation needle). B: At 20 somites the 
hosts were fixed and stained against otx2 and egr2b by ISH (blue signal), the clones were 
detected by DAB reaction (brown signal), and the embryos finally flat-mounted. Clonal 
distribution along the embryonic anteroposterior axis was analyzed under magnification. C-F: 
Examples for obtained results imaging live specimen; explantation mode indicated in front. First 
images (C, D, E and F) were taken immediately after implantation. Following images show the 
same embryo at later developmental stages (indicated in the panels). sph sphere stage, tb tailbud 
stage, midsom midsomitogenesis stage 
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Figure 16   In vivo cell sorting assay using EphrinB2b-overexpressing cells 
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Initially, a cluster of three cells was successively explanted from each donor and 
all six cells were implanted as a homogenous clone at a 45° angle off the animal pole. It 
was observed that both the ephrinB2b-overexpressing as also the wildtype cell 
population did not distribute over a large range within the host embryos (Figs 16C’, D’) 
and furthermore both cell populations appeared clustered separately from each other, 
but not in an expected manner (Fig 16D’). 
To avoid a possible “pre-clustering” during the explantation, I took every donor 
cell separately and alternating in the capillary. This group of six mixed cells was once 
more implanted as a homogenous cell clone as described before (Fig 16E, F). As figures 
16E’-F’’’ show, the cell distribution of both populations resemble the ones of the 
previous assay (Fig 16C’-D’’). No conclusive cell segregation of overexpressing cells 
into or towards an endogenous ephrinb2b domain could be observed. Needful 
mentioning is, that for this last described assay, only 12% of the host embryos were 
useful for the analysis (N=7/55), mainly due to the improper localization of the clones. 
As the green fluorescent dye has not been stable through fixation procedures, the 
labeling of control cells eventually got lost during in situ hybridization. 
 
 As the data generated with either ephrinB2 gain-of-function transplantation 
assay did not yield interpretable data, I decided to proceed with ephrinB2 loss-of-
function analysis. 
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(III) Targeted knockdown of the ephrinB2 ligands 
 
In the previous in vivo transplantation experiments, cell behavior analysis has 
both been performed with wildtype cells (in vivo cell transplantation assay) and cells 
that were expressing an ephrinB2 ligand (in vivo cell sorting assay using manipulated 
cells). A further approach for studying potential involvement or mechanism of specific 
candidate genes is for instance to inhibit their natural functionality in so-called loss-of-
function experiments (or reduced function). This can be achieved by knockdown or 
knockout assays. In zebrafish, the knockdown technique via application of Morpholino 
antisense oligonucleotides to the embryo is commonly used. These artificial and 
sequence-specific reagents are functioning transiently by blocking the protein 
translation of the selected candidate gene. Stable genetic zebrafish mutants can be 
obtained by the TILLING technique. In this approach male adult zebrafish are ENU 
treated, which causes random point mutations in their sperms and spermatogonia. Gene-
specific screening for obtained nonsense or missense mutations then identifies several 
fish lines. In this work, as well the transient inactivation of protein translation as also 
the generation of stable mutant lines has been undertaken. 
 
 
Design of Morpholinos against ephrinB2a and ephrinB2b 
 
Two translation-blocking Morpholinos had been published for ephrinb2a at that 
time. One of these is covering a sequence in the 5’-utr region (19-41 nucleotides 
upstream of the ATG; Cooke et al., 2005) and the other published one is covering the 
first 25 nucleotides of exon one (Koshida et al., 2005). For ephrinB2b, new reagents had 
to be ordered. The scheme is showing the positions of all four Morpholinos in the two 
gene segments (Fig 17). 
 
 70 
 
Figure 17   Morpholino binding sites in both ephrinB2 ligands 
This scheme shows the binding sites of Morpholinos in their respective genes. The nucleotide 
sequence is illustrated for both EphrinB2 ligands. Orange boxes indicate exon1, starting with 
an ATG.  
 
To control the knockdown efficiency of all Morpholinos, myc-tagged RNA 
constructs of both ligands were cloned into a standard expression vector. The 
ephrinB2a-RNA construct includes 380bp 5’-utr, the complete coding sequence except 
the stop codon and a sixtimes myc-tag (termed EfnB2a-myc). The ephrinB2b-RNA 
construct consists of 300bp 5’-utr, the complete coding sequence and also the sixfold 
myc-tag (termed EfnB2b-myc). These constructs were then injected into the cytoplasm 
of wildtype embryos at the one-cell stage. To detect whether or not mature proteins 
were made Western Blot analysis subsequently followed by immunohistochemistry was 
performed, in both cases detecting the Myc epitope. Positive Myc signals have proven 
the complete translation of the injected constructs, as the myc-tag had been cloned C-
terminally of the RNA construct. On the Western Blot, clear bands of the expected sizes 
around 70kDa are detectable (Fig 18A). Additionally, no commercial antibody, 
detecting specifically endogenous EphrinB2a or EphrinB2b, has been available and 
therefore the α-myc antibody was used only. 
Upon coinjecting the different Morpholinos with the utr-carrying mRNA 
constructs, none or a much weaker Myc signal is detected on Western Blots (Fig 18B, 
C). This suggests an efficient block of translation by using both the previously described 
and the newly designed Morpholinos. 
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Figure 18   Western Blot analysis of Morpholino efficiency 
A: Protein extracts from embryos injected with the indicated mRNA. Bands around expected 
70kDa are detected by the tagged myc and α-myc antibody. B: Upon coinjection of 
ephrinB2a mRNA and either MO1 or MO2 EphrinB2a protein is not detected. C: Upon 
coinjection of ephrinB2b mRNA and either MO3 or MO4 the protein is no longer detected. 
The observed results in B and C suggest a successful block of ephrinB2 translation by the 
tested Morpholinos. 
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Phenotypes resulting from transient inactivation of EphrinB2a protein translation  
 
To analyze ephrinB2a loss-of-function phenotypes, a starting concentration 
similar to the ones published was used. The term MO1 refers to the Morpholino that 
binds a region in the 5’-utr and was described by J. Cooke and coworkers (Cooke et al., 
2005), while MO2 is an ATG-binding Morpholino published by Koshida and coworkers 
(Koshida et al., 2005). 
As Cooke and coworkers investigated boundary formation in the hindbrain of 
zebrafish embryos only, the discussed phenotypes refer to this tissue solemnly. The 
injection of 10ng MO1 was in fact sufficient to successfully knock-down endogenous 
ephrinB2a protein translation, but only little if any rhombomere boundary defects were 
observed by in situ hybridization of boundary specific marker genes (Cooke et al., 
2005).  
In this study both 4ng and 8ng of MO1 were applied directly into the cytoplasm 
of embryos at the one cell stage. At tailbud stage (10 hours post fertilization, hpf) the 
embryos injected with both concentrations were indeed phenotypically normal but were 
slightly delayed in development compared to their non-injected control siblings (Fig 
19A, C, E). Nevertheless, the embryos treated with the lower dosage underwent normal 
development and did not show an apparent morphological defect in late somitogenesis 
stage (Fig 19B, D). Looking from dorsal view, the midbrain-hindbrain boundary (mhb) 
region, with its acknowledged folds of the neural tube, was forming correctly but little 
delayed (Fig 19B’, D’). Embryos supplied with 8ng of MO1 were forming 
morphologically intact somite boundaries, but appeared smaller in size compared to 
non-treated siblings and have developed malformed fore-, mid- and hindbrain regions, 
including the eyes (Fig 19B, B’, F, F’). 
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Figure 19  Phenotypic results of MO1 injections blocking EphrinB2a protein translation 
Morpholino was injected directly into the cytoplasm of manually dechorionated wildtype 
embryos at the 1c-stage. A-B’: Non-injected siblings as controls. C-D’: Injection of 4ng 
(0.5mM) MO1. E-F’: Injection of 8ng (1mM) MO1. Embryos are in all panels in lateral view 
(except B’, D’ and F’ in dorsal view, illustrating the mhb fold). Injected embryos (C and E) 
were slightly delayed in development at tailbud stage as compared to control ones (A). 
Embryos injected with higher dosed Morpholino developed malformed subdomains in the 
neuroepithelium (F, F’) and appeared smaller in size as compared to the others.  
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The ATG-covering MO2 has been investigated in a somite segmentation and 
boundary formation study (Koshida et al., 2005). Upon injection of MO2 into wildtype 
embryos, somite boundaries on the ventral side were morphologically slightly unclear at 
the 15-somite stage but became apparent at the 18-somite stage. Having injected 4.5ng 
directly in the cytoplasm of one-cell stage embryos in this study, all morphants 
gastrulated normally until tailbud stage (here shown a slightly later stage, Fig 20A, C). 
Interestingly, at later somitogenesis stages a somite boundary formation defect was 
observed, which has not been described as such. In multiple injection various embryos 
were identified that revealed an area (presumably between somite 13 and 18), which 
seemed absent of somite boundaries and which also appeared to possess thinner tissue 
as compared to the rest of the tail region (line in Fig 20B, D). This phenotype was 
reproducible but not fully penetrant (Nmax= 38/53 embryos; average 60% of an injected 
clutch). Furthermore the phenotype of the body axis extension varied quite much. 
Applying the higher dosage of 9ng MO2 to the embryos resulted in clutches of 
heterochronic development at tailbud stage already (Fig 20E). During somitogenesis 
additional phenotypes became apparent, especially clusters of cells at the anterior tip 
(arrow, Fig 20F), shortened yolk extension and blood cell coagulation (arrowhead, Fig 
20F). Furthermore, surviving morphant embryos developed neural tube defects, such as 
incomplete folding events and enlarged ventricles (Fig 20F’). 
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Figure 20  Phenotypic results of MO2 injections blocking EphrinB2a protein translation 
Morpholino was injected directly into the cytoplasm of manually dechorionated wildtype 
embryos at the 1c-stage. A-B’: Non-injected siblings as controls. C-D: Injection of 4.5ng 
(0.5mM) MO2. E-F’: Injection of 9ng (1mM) MO2. Embryos are in all panels in lateral view 
(except B’ and F’ in dorsal view, illustrating the mhb fold). C and E: Injected embryos 
gastrulated normally until tailbud stage. Nevertheless, few embryos treated with 9ng MO2 
displayed gastrulation defects and stronger developmental delays at bud stage already (lower 
right embryo in panel E). F: Later in development these embryos show severe defects, such as 
blood clogging in the tail region (arrowhead) and “expelled” cells anteriorly (arrow). F’: 
Folding of the mhb seems altered (too large ventricles and probably disturbed closure). B and 
D: The line indicates the somitic region in which the somite boundaries appeared malformed.  
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Phenotypes resulting from transient inactivation of EphrinB2b protein translation 
 
Also in the ephrinB2b assay two translation blocking Morpholinos were used, 
but both had been designed newly. While MO3 is covering the start codon of 
ephrinB2b, MO4 covers a region in the 5’-utr just upstream the ATG (Fig 17). 
To start the phenotypic characterization of the ephrinB2b Morpholinos I decided 
to inject similar dosages as the ones used in the ephrinB2a translation blocking 
experiments. Embryos injected with 4ng and 8ng of MO3 did not reveal an aberrant 
morphology at tailbud stage when compared to non-injected wildtype siblings (Fig 21A, 
C, E). Also in later somitogenesis stages the investigated tissues, such as for-, mid- and 
hindbrain, eyes and ears, somites and their boundaries, have not revealed gross 
morphological phenotypes (Fig 21B, D, F). Potentially the midbrain tectum is slightly 
enlarged in the morphant embryos, which has also been observed in the ephrinB2bhu2971 
mutant (arrow Fig 21B, D, F; Fig 25). Dorsal views showing the midbrain-hindbrain 
region of morphant and control embryos at mid-somitogenesis resemble each other. The 
neural tube is normally undergoing the process of folding and thereby forming the 
characteristic morphology (Fig 21B’, D’, F’). 
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Figure 21  Phenotypic results of MO3 injections blocking EphrinB2b protein translation 
Morpholino was injected directly into the cytoplasm of manually dechorionated wildtype 
embryos at the 1c-stage. A-B’: Non-injected siblings as controls. C-D’: Injection of 4ng 
(0.5mM) MO3. E-F’: Injection of 8ng (1mM) MO3. Embryos are in all panels in lateral view 
(except B’, D’ and F’ in dorsal view, illustrating the mhb fold). C and E: Injected embryos do 
not display gross aberrant morphology at tailbud stage as compared to control ones (A). D 
and F: Injected embryos may reveal a slightly enlarged tectum as compared to non-injected 
wildtype embryos (arrow B, D and F). The dorsal views of the mhb fold also show no 
alteration when compared to the controls. 
 
The MO4, that covers a sequence in the 5’-utr of the ephrinB2b gene, seemed to 
have been quite toxic or potent in blocking the translation as also very low doses of 
1.5ng resulted in severe phenotypes. Already at tailbud stage the morphant embryos 
were more oval-shaped than non-injected control embryos (Fig 22A, C) and the ones 
that survived until mid-somitogenesis stages did especially not develop distinct brain 
regions, including eyes (Fig 22D). Furthermore, most survivors were observed with 
extra-embryonic cell clusters of various sizes and at various positions (arrow, Fig 22D). 
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Figure 22  Phenotypic results of MO4 injections blocking EphrinB2b protein translation 
Morpholino was injected directly into the cytoplasm of manually dechorionated wildtype 
embryos at the 1c-stage. A-B: Non-injected siblings as controls. C-D: Injection of 1.5ng 
(0.2mM) MO4. Embryos are in all panels in lateral view. C and E: Injected embryos display 
an oval shape at tailbud stage already at very low applied dosages of MO4 (indication for a 
dorsalisation phenotype). D: Later stages of injected embryos show large cell accumulations 
after expel from the tissue (arrow). Embryos injected with low dosages of MO4 do not 
develop normally from the start onwards. 
 
Summarizing the obtained data it can be said that the usage of Morpholinos 
blocking the translation of ephrinB2a gave additional (MO1) and slightly different 
(MO2) phenotypes to the ones described. One of the tested Morpholinos for ephrinB2b 
(MO3) appeared to have the same result that could later also be observed analyzing the 
ephrinB2b STOP-mutant obtained by TILLING. The 5’-utr covering Morpholino (MO4) 
did not give results, which could have been analyzed reliably. As we have then obtained 
the genetic mutant ephrinB2bhu2971, only the Morpholinos blocking ephrinB2a translation 
(MO1 and MO2) were used, also to create mutant/morphant embryos for ephrinB2. 
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(IV) The TILLING approach and the analysis of ephrinB2bhu2971 
 
To generate stable genetic mutants we took advantage of the Tilling method. In 
this reverse genetic technique, male zebrafish are mutagenized using N-ethyl-N-
nitrosourea (ENU) and are then mated to untreated females (all TL wildtype zebrafish). 
Their offspring (F1 generation) is raised and kept as a living fish library, containing a 
large number of randomly induced mutations. Prior the identification of carrier 
zebrafish, the genetic structure of candidate genes had to be analyzed. This theoretical 
part was initiated in collaboration with Sylke Winkler (Tilling Facility of the Max-
Planck-Institute) and Tobias Langenberg, and the Tilling Facility then performed the 
screening. 
As we suggested a possible involvement of members of the Eph/ephrin family in 
boundary establishment, we decided to screen for mutations in both the ephrinB2 
ligands and the EphB4 receptors. For ephrinB2a exon 2 was screened and for the ligand 
ephrinB2b we chose to screen exon 1 and 2 in order to find mutations, preferably 
resulting in an early STOP codon. To enhance the chances obtaining several different 
lines, both the fish libraries of the Max-Planck-Institute in Dresden and of the Hubrecht 
library in Utrecht were screened. The following table gives an overview of the identified 
carriers (Table 12). 
 
ligand Exon amplicon size 
(bp) 
STOP prediction 
(%) 
screened fish Lines 
ephrinB2a 2 286 6.53 15354 4 
ephrinB2b 1 111 7.18 4608 1 
ephrinB2b 2 288 6.02 10368 5 
Table 12   Results of the ephrinB2 ligand Tilling screen 
 
The lines for ephrinB2a and those in the second exon screened for ephrinB2b 
were kept and raised. The following table summarizes the details of those lines carrying 
a mutation in the ephrinB2 genes and the one identified Stop mutant is highlighted 
(Table 13). 
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gene  allele altered  
amino acid 
type of mutation library 
ephrinB2a e12 V-D (99) missense, nonconservative Dresden 
ephrinB2a e13 T-I (108) missense, nonconservative Dresden 
ephrinB2a e14 Y-H (129) missense, conservative Dresden 
ephrinB2a hu3479 I-S (131) missense, nonconservative Hubrecht 
ephrinB2b e16 Y-H (48) missense, conservative Dresden 
ephrinB2b hu3624 T-I (110) missense, nonconservative Hubrecht 
ephrinB2b hu4077 P-S (103) missense, nonconservative Hubrecht 
ephrinB2b hu2971 Y-Stop (78) Nonsense Hubrecht 
Table 13   Detailed overview of EphrinB2 zebrafish Tilling lines (exon 2 screened) 
 
Figure 23 schematizes the extracellular structure of both ephrinB2a and 
ephrinB2b protein, including the altered amino acids identified in the Tilling screen. 
 
 
 
Figure 23   Schematic overview of mutations in both EphrinB2 ligands 
Both schemes illustrate the structure of the extracellular domains of EphrinB2a (A) and 
EphrinB2b (B). The signal peptide (SP) is cleaved off and leaves the globular ephrinB2 
domain for presentation and binding to the respective receptors. The protein is anchored with 
the transmembrane domain (TM) in the ligand-expressing cell. More domains follow 
intracellularly. The Stop mutant ephrinB2bhu2971 is indicated in red.  
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EphrinB2ae14 carries a mutation that changes amino acid 129 from a tyrosine to a 
histidine. This residue has been described to be one of three potentially crucial receptor-
binding sites. EphrinB2ae13 and ephrinB2bhu3624 both show the same missense mutation 
that results in an amino acid change from a threonine to isoleucine. The affected 
position is lying in a conserved domain, which carries the recognition site for the 
ADAM metalloprotease in ephrinA ligands (Hattori et al, 2000). The isoleucine at 
position 131, which has been mutated to a serine in ephrinB2ahu3479, was thought to 
influence receptor-binding activity as it is situated closely to a described receptor-
binding site. The most important mutant among the ephrinB2b ligands is 
ephrinB2bhu2971, as the point mutation causes the coding for a Stop at amino acid 
position 78. 
When working with offspring of highly mutagenized males one must consider 
those offsprings do not only carry the mutation screened for but also many different 
ones, that require successive rounds of outcrosses in order to clean the background. 
Nearly 90% of undesired background mutations should be lost after three rounds of 
outcrosses to wildtype zebrafish. For all missense alleles of both ephrinB2 ligands this 
has been done and they were then setup for incrosses to obtain homozygous mutants. 
These developed normally until adulthood, where they had been setup in incrosses 
again, which resulted in a second consecutive mutant generation, indicating that all 
mutants were fertile. Also in this generation no gross aberrant phenotype could be 
identified (data not shown). 
With the Stop mutant ephrinB2bhu2971 in hands I did not analyze further any of 
the other ephrinb2 mutants, but preferentially laid my focus on the potential loss-of-
function zebrafish line. 
 
 
Analysis of ephrinB2bhu2971 
 
As described above, this mutant carries a point mutation that changes tyrosine 
78 to a Stop. Within these first amino acids lies the signal peptide (amino acid 1-24), 
which will be cleaved off as soon as the protein has been transported in the ER. So far, 
no further functional domains have been reported among these first 80 amino acids for 
any species in the literature.  
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Crystallographic and biochemical analysis of the murine and human ephrinB2 
ligand has shown that the wildtype protein undergoes a folding in a way that the 
extracellular domain forms a pocket with at least three important receptor-binding sites 
in its core (Himanen et al., 2001; Chrencik et al., 2006). The transmembrane domain 
itself is encoded in amino acids 227-249. The partial protein of roughly 50 amino acids 
in the mutant efnb2bhu2971 could therefore be a soluble protein, but it should not have any 
binding activity and ergo the forward and reverse signaling should not be given. 
For faster identification of carrier and mutant zebrafish of this line I established 
a PCR & enzyme digest identification protocol. Figure 24A shows a sample of extracted 
and amplified DNA of an ephrinB2bhu2971 carrier that has been sequenced. At position 
228 the doublepeak for adenine and thymine is indicated. This transition of bases in the 
mutant case can be detected by the restriction enzyme HpaI, which is presented in 
Figure 24B (derived Cleaved Amplified Polymorphic Sequence/dCAPS assay). 
 
 
Figure 24   Molecular identification of ephrinB2bhu2971 
A: The double peak of both T and A (as found in carrier zebrafish) is nicely detectable by 
sequencing. B: 2% agarose gel of the established dCAPS assay for fast identification (left: 
wildtype; middle: homozygous/mutant; right: heterozygous/carrier). 
 
 
Mzefnb2bhu2971 mutants are viable and fertile 
 
Similar to the cases of missense mutations described above, carriers were 
outcrossed to wildtype fish for several rounds before having obtained the first 
homozygous generation with few or no background mutations. 
According to the Mendelian distribution, heterozygous incrosses result in 25% 
wildtype (+/+), 50% heterozygous (+/-) and 25% mutant (-/-) embryos. After having 
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raised and genotyped such clutches, I was able to identify them, indicating that also 
homozygous Stop mutants are viable. As they also produce offspring, they are fertile as 
well.  
Only in these maternal zygotic mutant embryos a subtle phenotype was observed 
and therefore only they are investigated in more detail. Reproducibly, a slightly 
enlarged hump forms in the midbrain during early somitogenesis (arrowhead, Fig 25A, 
C). These mutants also develop a shorter body axis (Fig 25B, D). The degree of 
shortening has not been quantified statistically, but may be worth further investigation.  
 
 
Figure 25   Phenotypic analysis of living ephrinB2bhu2971mutants 
A-D: Live specimen of ephrinB2bhu2971 mutants (C, D) and their wildtype siblings (A, B). C: 
At midsomitogenesis stage the mutant appears slightly smaller in size when compared to 
wildtype siblings (compare tail outgrowth to A). The red arrow points to a slightly enlarged 
region, presumably the tectum in the midbrain (compare to A). D: Larvae of age 2 days are 
reduced in body size as compared to wildtype siblings (B), but are fertile and viable. 
 
 
No maternal ephrinB2b RNA contribution 
 
To test whether or not ephrinB2b RNA is provided in the egg in general and 
whether or not mutant ephrinB2b RNA is destabilized by nonsense-mediated decay, I 
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performed in situ hybridisations against ephrinB2b at different developmental stages of 
mutants and wildtype zebrafish. As wildtype control, embryos were used that were 
identified from heterozygous incrosses (and are therefore offspring of the same founder 
fish). No maternal ephrinB2b RNA is contributed in any case (Fig 26A, B; 27A, B; 
28A, B). 
Also the contribution of maternal ephrinB2a RNA and possible influence on 
gene regulation between the ephrinB2 ligands has been tested by in situ hybridization 
against ephrinB2a. Also the paralogue ligand does not reveal any alteration in gene 
expression onset or level (Fig 26C, D; 27C, D; 28C, D). 
As there was no antibody available that specifically detects Ephrinb2b, the 
maternal protein contribution could not be investigated. 
 
 
Figure 26   Analysis of maternal RNA contribution in ephrinB2bhu2971mutants, 8 cells 
Displayed embryos are at the 8-cell stage. View is random. A, B: No ephrinB2b RNA is 
detected by ISH in both wildtype and ephrinB2bhu2971. C, D: Also no RNA of the paralog 
ephrinB2a is detected by ISH against this ligand. These observations indicate no maternal 
RNA contribution in the eggs.  
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Figure 27   Analysis of RNA contribution in ephrinB2bhu2971mutants, 40% epiboly 
Displayed embryos are at the stage of 40% epiboly. View is random. A, B: The onset of 
zygotic ephrinB2b RNA transcription is not altered in ephrinB2bhu2971. C, D: Also ephrinB2a 
RNA expression is normal in ephrinB2bhu2971 mutants.  
 
 
 
 
Figure 28   Analysis of RNA contribution in ephrinB2bhu2971mutants, 24 hpf 
Displayed embryos are of 24hpf and flat-mounted; anterior is to the left; view is dorsal. A, B: 
The expression pattern of ephrinB2b is unchanged in ephrinB2bhu2971. C, D: Also ephrinB2a 
RNA expression is normal in ephrinB2bhu2971 mutants. These observations suggest that 
nonsense-mediated decay may not occur. 
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Phenotypic analysis of mzefnb2bhu2971 mutants 
 
As shown above, the mutants are viable and fertile and do not show major 
developmental defects or delays. I therefore performed in situ hybridisations to 
investigate alterations in marker gene expression. The markers used for this analysis 
were ephrinB2b, otx2 (demarcates the midbrain-hindbrain boundary), and egr2b 
(marking rhombomeres 3 and 5).  
At 85% of epiboly mutant embryos that were stained with an ephrinB2b and 
otx2 riboprobe did not show an altered expression pattern when compared to wildtype 
(Fig 29A, B). Both the prominent domains of ephrinB2b expression in the forebrain and 
margin are evident as is the weaker one in the hindbrain domain. Also the fore- and 
midbrain marker otx2, here shown in red, reveals no significant difference between 
mutant and wildtype zebrafish. At tailbud, the ephrinB2b expression level appears to be 
lower in the mutant, which was observed in all performed in situ hybridizations (Fig 
29C, D).  
At midsomitogenesis stage (ten somites), the mutant embryos show a diminished 
forebrain (ephrinB2b and otx2 positive), a smaller midbrain domain (otx2 positive) and 
also the rhombomeres appear thinner along the anteroposterior axis (alternating pattern 
of ephrinB2b and egr2b; Fig 29E, F). The length of the body does not seem to differ too 
much (see above for later stages), but the somitic in situ staining is much more 
decreased in the mutants, nevertheless all embryos had ten somites. 
The overall patterning of the fore-, mid- and hindbrain, the somitic region and 
the tailbud domain is not affected.  
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Figure 29   Expression pattern analysis of ephrinB2bhu2971mutants 
All panels show double in situ hybridization patterns of ephrinB2b RNA detection (in blue) 
and otx2/egr2b RNA expression (in red). All embryos are in dorsal view. C-F show flat-
mounted embryos; anterior to the left. A, B: No alteration in expression patterns is recognized 
in mutant (B) and wildtype (A) embryos at 85% epiboly. C, D: The ephrinB2b signal (blue 
stain) seems decreased in the mutant case, which may be caused during the in situ 
hybridization. E, F: At 10 somites the ephrinB2bhu2971mutants appear slimmer in medial-to-
lateral direction (especially in the somitic and bud regions). Furthermore, the ligand-free 
posterior midbrain domain (otx2+ in F) seems shorter in anteroposterior direction as compared 
to the wildtype case (in E).  
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(V) Mutant/morphant embryos show strong developmental defects 
 
The two ligands ephrinB2a and ephrinB2b are duplications and even though 
they are not completely synchronously expressed during development, they could most 
probably functionally replace each other. As it became apparent that a knockdown of 
only one of the ligands does not result in a strong early developmental defect, which 
would be expected according to the various described functions and as it was observed 
in the mouse model (Wang et al., 1998), I started analyzing the double knockdown 
situation. Unfortunately no stop mutation in efnB2a had been identified and raised by 
the Tilling projects then, stable genetic double mutants were not available. Therefore I 
blocked translation of efnB2a in the ephrinB2bhu2971 mutants.  
The following described experiments represent only very preliminary data, but 
are worth being shown, as the results seem to verify the hypothesis of redundancy 
between the ephrinB2 ligands in the zebrafish.   
Injecting MO2 into efnB2bmzhu2971 gave very strong developmental defects. Only 
a small part of these mutant/morphant embryos survive until 2dpf. Those survivors will 
die soon thereafter due to the severe defects (e.g. large pericard-edema, no significant 
blood flow; Fig 30F). Since the wildtype injected embryos do not show these strong 
defects I injected into carrier intercrosses, which should have given me an internal 
control of phenotypes within each clutch of embryos. As a result I obtained phenotypes 
with different grades of severity (Fig 30D). When larvae of each grade of such 
intercrosses were genotyped, I could confirm the three genotypes (wildtype, carrier and 
mutant) but there was no phenotype-genotype correlation, meaning also less affected 
embryos were efnB2bhu2971 and vice versa. This may be explained by subtle background 
mutations, which were perhaps still present in the offspring and accelerated unspecific 
phenotypes. 
 
 89 
 
Figure 30   Phenotypic analysis of living ephrinB2a_MO2/ephrinB2bhu2971mutants 
All embryos are live specimen at 2 days post fertilization. They are presented in lateral view 
with the anterior to the left. A, C and E: Non-injected control embryos of different genetic 
backgrounds (A: wildtype; C: carrier intercrosses; E: mutant intercrosses). B, D and F: 
Embryos of different genetic backgrounds injected with 4ng MO2 at the 1c stage. Whereas no 
severe phenotypic defects were observed in any non-injected embryos and the injected 
wildtype (A, B, C and E), the injected samples of hetero- and homozygous intercrosses show 
strong developmental defects, such as pericard-edima, tail truncations, blood-flow defects (D 
and F).  
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The analysis of earlier stages was again done by in situ hybridization, using the 
marker sets of efnB2b/otx2/egr2b and efnB2a/otx2/egr2b. Still, the correct staging of 
these mutant/morphant embryos became difficult as no clear somites or somite 
boundaries were visible, neither in live specimen nor by the hybridization procedure.  
Knocking down both ligands by applying 4ng MO1 into maternal zygotic 
efnB2bhu2971embryos, the development delay increased slightly and the body axis 
shortened further when compared to non-injected controls and injected efnB2bwt. The 
whole body appears condensed – especially the mid- and hindbrain domains are much 
broader medially to laterally, but diminished in size anteriorly to posteriorly (Fig 31A-
F). 
Injecting 4.5ng MO2 in the maternal zygotic efnB2bhu2971embryos gave even 
more drastic phenotypes. The embryos are progressively shorter and somite boundaries 
are very hard distinguishable. Observations of living mutant/morphant embryos show an 
unfinished closure of the neural tube (data not shown). This can also be seen by in situ 
hybridizations. Normally the efnB2b expression in r1/2 is represented by one stripe 
(dorsal view). The interference of EfnB2 signaling seemed to leave the neural tube 
open, shown by two domains of expression in the region of r1/2, which could not be 
observed as such in the wildtype injected embryos. They are also reduced in body size, 
but show one, efnB2b-positive stripe posterior the mhb (Fig 31G, H). 
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DISCUSSION 
 
 
Cell sorting behavior at the midbrain-hindbrain boundary 
 
The midbrain-hindbrain boundary in the zebrafish has been described to be 
lineage restricted, characterized by the observation that both midbrain-positive as also 
hindbrain-positive cells do not intermingle at this boundary (Langenberg and Brand, 
2005). To analyze the cell behavior in vivo, I have performed cell-sorting assays 
during the gastrulation of the developing embryo. 
Two observations convinced us to perform the transplantations at 80% 
epiboly. Firstly, single cell labeling experiments at this developmental stage had 
shown, that only two of 35 analyzed cases presented positive clones on both sides of 
the mhb in the zebrafish (shield stage: n=11/47 and bud stage n=0/25; Langenberg 
and Brand, 2005). In the same study, experiments performed at 80% epiboly and bud 
stage also included 10-15% of cases in which the boundary restriction could not 
clearly be resolved. Secondly, the expression patterns of the two homeobox genes 
Otx2 and Gbx1 become mutually distinct at this stage of development. While the 
expression domains initially overlap 3-4 cell rows at 60% epiboly, they subsequently 
separate and form a sharp interface at 80% epiboly (Rhinn et al., 2003). Furthermore, 
Woo and Fraser described the stage of 80% epiboly as the time point of neural 
commitment by hindbrain tissue. Upon microsurgical transplantation of presumptive 
hindbrain grafts the cells maintained their fate, which had been analyzed both by 
antibody staining as by in situ hybridization (Woo and Fraser, 1998). 
In the transplantation setup of this work, cell clones were explanted from 
either presumptive midbrain (otx2-positive) or presumptive hindbrain (gbx1-positive) 
donor tissue, which I proved to target reliably (Fig 9A, B; Fig 10B; Fig 11B). Initially 
the cell clones were implanted coherently into their target domain and analyzed at late 
somitogenesis stages (11 hours post transplantation). The results were surprising as 
such, that independent from the mode of transplantation, most cells clones were 
identified posteriorly to their implantation site (table 8). Only four of 11 midbrain-to-
midbrain transplanted clones were still detected in the midbrain-positive domain 11 
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hours post transplantation. In the case of hindbrain-to-hindbrain transplants all 20 
analyzed cases were detected in their endogenous domain, but 19 clones of these 
appeared posterior to rhombomere 5. As a similar outcome was observed for both 
heterotopic transplantations, one needs to question, whether or not the overall ongoing 
gastrulation movements towards the animal pole play a critical role in the cell 
behavior upon implantation. So, if transplanted cells depend on direct cell-cell 
contacts for the detection of their endogenous domain, they are unable to show any 
directed sorting when implanted completely surrounded by ectopic tissue. I expect 
such a “blind” cell clone to move as part of the host tissue. In this way, clones 
implanted in the more posterior part of the thin Gbx1 positive stripe at 80% epiboly 
could be situated in the posterior hindbrain. Yet, this is no explanation for the clones 
detected in the hindbrain of actual midbrain-to-midbrain transplantations. 
Alternatively, the transplanted cells might not have retained their original adhesive 
state (gene expression state), probably even due to consequences of the 
transplantation procedure. 
Furthermore I observed, that the size of the transplanted cell clones influenced 
the shape of the resulting clone. The more cells a clone comprised the more likely 
these cells did not integrate into the ectopic tissue but rather clump together (Fig 9D, 
E’, F’). These cell clumps also continued to express their marker gene of origin at the 
time of analysis. Similar so-called community effects have also been described for 
embryos that were blastomere-injected with zOtx RNA constructs (Bellipanni et al., 
2000). Also the transplantation of larger clones promotes the maintenance of the 
original gene expression profile (Woo and Fraser, 1998). 
In addition, indications arouse that non-secreted cell adhesion molecules may 
play a role during the establishment of the midbrain-hindbrain boundary. The 
therefore optimized experimental setup included the transplantation of cell clones of 
similar size and, additionally, a shift of their implantation site in a way, that they were 
directly overlapping the mhb (Fig 10A, 11A). In this way I tried to assure transplanted 
cells being in cell-cell contact with their respective endogenous domain in the host 
embryos and thereby being able to send and receive signals of adhesion molecules. 
Furthermore, the incubation time post transplantation was reduced to two hours, 
which allowed a more detailed spatial and temporal analysis of potential cell sorting 
behavior. The results for both otx2- and gbx1-positive transplants were nonetheless 
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not showing a directed cell sorting towards or into their endogenous domains (table 9, 
10). In contrary, in both assays the majority of transplanted clones were not positive 
for their respective marker gene expression. This holds especially true for those 
clones identified ectopically. In both kinds of transplantation (otx2-positive and gbx1-
positive cells) I detected clones that were not overlapping the boundary, but still in 
close distance to their endogenous domains. Only two cell clones consisting of either 
presumptive midbrain cells or presumptive hindbrain cells remained to express their 
marker of origin. Interestingly, those were also the largest coherent clones noticeable 
(Fig 10E, E’; Fig 11E, E’). This observation could indicate another observation  
The loss of origin marker gene expression as observed above has also been 
described for hox genes after cell transplantation assays performed in the zebrafish 
hindbrain (Schilling et al., 2001). The correlation of persisting marker gene 
expression and the clonal size used in transplantations was additionally shown and 
discussed in these hindbrain experiments. They showed, the smaller a transplanted 
cell clone was more likely they changed marker gene expression. Nevertheless, not 
only the size of clones but also the experimental time point itself plays an important 
role for probable plasticity occurrence.  
The labeling of single cells had also revealed that cell migration during 
gastrulation occurs up to eight cell diameters in anteroposterior direction within the 
neural plate. Nevertheless, non-restricted clones were analyzed on both sides of the 
boundary very far apart from each other (Langenberg and Brand, 2005). Therefore, open 
questions are where exactly the labeled cells were positioned with respect to the mhb at 
the time of their labeling. Clones of cells labeled few rows away from the forming 
boundary would perhaps not be affected by lineage restriction. On the contrary it also 
needs being asked if indeed only one cell was labeled during this procedure, and by 
which means the descendent clone is not scattered along the anteroposterior axis but 
rather appears in two separate domains. The questions remained open but would be 
helpful in terms of identifying the onset of lineage restriction at the mhb. Needful 
mentioning is furthermore an observation made during rhombomere boundary 
formation in the chick hindbrain. It has been shown in cell labeling experiments that 
lineage restriction is not an absolute mechanism (Birgbauer and Fraser, 1994). 
Summarizing the known and newly obtained data from the described 
transplantation assays presented in this work, we gained more indications that the 
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developmental stage of 80% epiboly is indeed an early and critical time point for the 
establishment of the midbrain-hindbrain boundary by lineage restriction. Yet, this could 
not be fully resolved as challenging not fully committed cells in partially ectopic 
situations has revealed a plasticity effect for smaller clones. Surprisingly, larger clones 
originating from the otx2-positive domain did also not sort back into their endogenous 
domain but rather revealed a fractional change of gene expression by the peripheral cells 
of the respective clone. The core region of these clones still expressed the endogenous 
marker two hours post transplantation. This observation coincides with the finding, that 
grafts from the presumptive hindbrain maintain their fate (Woo and Fraser, 1998). For 
further analysis of the gene expression plasticity (and thereby cell fate) in these cells it 
would be necessary to perform comparable experiments as the in vivo cell 
transplantations at the mhb at slightly later developmental stages. 
Also the question remains, if and to what extent the implantation of cells 
regarding their dorsoventral positioning in the neural plate plays a role for determination 
and differentiation processes.  
Lastly, specialized boundary cells and their properties had been illustrated 
during vertebrate hindbrain segmentation (Lumsden and Keynes, 1989; Guthrie and 
Lumsden, 1991). Whether or not cells at the midbrain-hindbrain boundary possess these 
properties remains open.  
 
 
Cell migration analysis of cells positive for EphrinB2 
 
Vertebrate compartmentalization was mainly analyzed during hindbrain 
segmentation (Lumsden and Keynes, 1989). While regionalization of the rhombomere 
segments is initiated and determined by molecules of the Fgf and Hox classes (reviewed 
in Wilkinson DG, 1993) the boundary formation between rhombomeres is accomplished 
by adhesion molecules of the Eph/ephrin class (reviewed in Cooke and Moens, 2002). It 
has also been shown that during teleost hindbrain segmentation, Notch signaling is 
activated in cells at the interface between rhombomeres, which are then characterized as 
boundary cells with special properties (Cheng et al., 2004). Eph/ephrin induction by 
Notch/Delta signaling has so far been analyzed in detail during the development of the 
vascular system (Iso et al., 2006).  
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Due to the involvement of the Eph/ephrin system in cell segregation and 
boundary formation during the rhombomere development in zebrafish, we decided to 
focus on these adhesion molecules as candidates. The subsequent analysis of Eph/ephrin 
expression patterns during embryogenesis of Danio rerio revealed, that both the 
EphB4a and EphB4b receptors as also the ephrinB2a and ephrinB2b ligands are 
expressed adjacently at the midbrain-hindbrain boundary (Fig 12-14). The sharply 
defined RNA expression pattern of these genes at the mhb from 80% epiboly onwards is 
a further indication for a possible role during boundary formation. In the style of an in 
vivo cell-sorting assay by blastmomere injections performed by Xu and colleagues (Xu 
et al., 1999), I performed a similar one with ephrinB2b-positive cells and analyzed their 
sorting behavior (Fig 15). Endogenously the ephrinB2 (efnB2) ligands are expressed in 
the forebrain and the rhombomeres 1/2, 4 and 6/7 but are absent from the tectum 
(midbrain) and rhombomeres 3 and 5. Therefore it could be hypothesized, that EfnB2b-
overexpressing cells would segregate into the forebrain and the described rhombomeres 
to a higher degree when compared to the midbrain and rhombomeres 3 and 5. Only cells 
between the forebrain and posterior hindbrain, which presented the typical elongated 
shape of the neuroepithelium, were counted and plotted in the graph (Fig 15C). These 
experiments were performed with cells that were supplied with two different dosages of 
efnB2b-mRNA (50pg and 100pg) and wildtype cells served as the control.  
Transplanted wildtype cells (marked yellow in the graph) could be identified 
throughout the complete neuroepithelium. This random distribution reflects, that cells 
transplanted before gastrulation (sphere stage) are still able to spread in a wider range. 
Analyzing the EfnB2b-overexpressing cell clones it is obvious that no significantly 
different distribution is detected (Fig 15C). The implantation site, the presumptive 
midbrain-hindbrain boundary, had been chosen according to the fate map, established 
by Woo and Fraser (Woo and Fraser, 1995). By this early pre-gastrulation stage the 
target region could only be identified in anteroposterior, but not in dorsoventral 
direction, as the shield/notochord as dorsal landmark is not yet established. Therefore it 
is not surprising that the majority of transplanted cells can be identified in near 
proximity to the mhb, if the dorsal site was attained. Nevertheless, EfnB2b-
overexpressing cells do not seem to respect the mhb and can be found in equal cell 
numbers on both sides of it (Fig 15C).  
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In contrary to Xu and colleagues, who used a blastomere injection assay and 
were able to detect sorting behavior of Efn-positive cells, one needs to question, 
whether the mechanical treatment of cells at the transplantation assay may cause such 
differences in observation. Even though I could not detect an increased number of cell-
death among the transplanted cells in host embryos, the extracellular surrounding of the 
clone must be damaged by the implantation procedure, which may play a role for cell 
integration into the tissue. This could then perhaps result in less motility of the 
implanted cells. 
Furthermore, the transplanted cells are able to produce the EfnB2b protein 
already at a time point, when the endogenous gene expression and protein translation 
has not yet started. For cell sorting transduced by the Eph/ephrin molecules, direct cell-
cell contact between receptor- and ligand-expressing cells is necessary. Interestingly, 
the EfnB2b-expressing transplanted cells did not seem to cause any developmental 
defect in the wildtype host embryos. This could be explained by the fact, that the ligand 
overexpressing cells are “blind” in terms of an interaction partner of the Eph receptor 
class upon implantation. In contrary to that, embryos that are expressing EfnB2b 
globally revealed strong morphological defects during gastrulation (uncoordinated 
convergence and extension movements resulting in elongated embryos at tailbud stage; 
data not shown).  
Furthermore, it was observed in quite many embryos that the ligand-
overexpressing cells were either expelled from the embryonic tissue during gastrulation 
or those cells were identified in the embryonic skin at midsomitogenesis stages.  This 
observation could resemble the differential adhesion hypothesis that has been described 
for cadherins by Foty and Steinberg (Foty and Steinberg, 2004). 
To diminish experimental differences a combined transplantation of ligand-
overexpressing and wildtype cells was performed in one. This should allow a more 
direct comparison between these two cell types regarding their sorting behavior post 
implantation. I performed these transplantations using two slightly different 
explantation modes (compare Fig 16A upper and lower pipette scheme). The fluorescent 
images, showing both wildtype and overexpressing cell populations at different time 
points after implantation, revealed on one side that the cells survived and divided, but 
on the other side one did not gain more information regarding cell sorting from these 
results (Fig 16C-F). In panels 16D-D” the wildtype and ligand-expressing populations 
 98 
even seemed to segregate into separate populations, which is maybe explainable due to 
their different adhesive state. As the results of all gain-of-function experiments did not 
give reliable and more specific information, the analysis of mechanisms underlying the 
midbrain-hindbrain boundary formation was continued in a set of loss-of-function 
experiments.  
 
 
Transient inactivation of EphrinB2 ligands by the application of Morpholino antisense 
nucleotides 
 
Successful blocking of translation of EphrinB2a (EfnB2a) had been discussed in 
two studies before. One investigating group studied rhombomere formation (Cooke et 
al., 2005) and the other focused on somite boundary formation (Koshida et al., 2005).  
Cooke and coworkers could not monitor a boundary formation defect by 
blocking EfnB2a alone. Only upon additional transient inactivation of the ligand-
interacting receptor EphA4a they observed severe violations of the rhombomere 
boundaries. Cells carrying identity of rhombomeres 3 and 5 were found ectopically, 
visualized by in situ hybridization staining against the rhombomere-specific marker 
egr2b.  
Koshida and coworkers had used a Morpholino antisense oligonucleotide 
covering the atg of exon1 to block EfnB2a translation as well. They observed a slightly 
delayed somite boundary formation defect during midsomitogenesis that regenerated 
until the end of somitogenesis. Nevertheless, from these two publications it was not 
obvious whether or not both used Morpholinos caused the same phenotypes in the other 
tissue, as these studies only emphasized the respective domains.  
To ensure all Morpholino antisense oligonucleotides were indeed capable to 
block specifically protein translation of both EfnB2a and EfnB2b myc-tagged constructs 
were generated and in vivo experiments were performed and analysed on Western Blots 
(Fig 18). The absence of the myc-signal in the coinjections of Morpholino and 
respective mRNA suggested a successful knockdown of protein translation. It was 
furthermore assumed that the endogenous protein translation is disturbed as well. 
Having injected these two Morpholinos separately, a transient somite boundary 
defect was also observed using MO2, though the defect emerged slightly different from 
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the one described in the somitogenesis study. Here, the whole tissue between somites 13 
and 18 appeared much thinner than the remaining somitic region and it lacked 
morphological somite boundaries (line in Fig 20D). This phenotype could well resemble 
a stronger version of the described one by Koshida and colleagues, yet the observed 
specificity for this specific somitic region remains unclear (Koshida et al., 2005). As 
injection strategies vary between experimentators, it is probable that the applied 
concentration of Morpholino into the embryos differs, which may result in different 
phenotypes. As I have not observed a decrease of the somite boundary phenotype in 
embryos injected with a higher dosage, I suggest Koshida and colleagues have described 
a subtler outcome compared to this study. The 5’utr-covering MO1 did not cause any 
obvious morphological phenotype, similar as described before for a single injection 
(Cooke et al., 2005).  
The newly designed Morpholino antisense oligonucleotides MO3 and MO4 have 
proven in Western Blot analysis to block successfully the translation of EfnB2b. I 
suggested therefore that also the endogenous protein level was highly reduced. MO3 
injections into embryos revealed an interesting phenotype, which resembled one in the 
later obtained and analyzed efnB2b mutant efnB2bhu2971 (compare arrows in Fig 21B, D, 
F with arrowheads in Fig 25A, C). Both groups of embryos appeared to have a slightly 
enlarged midbrain domain. Interestingly, the efnB2b ligand is expressed from 
gastrulation stages onwards directly adjacent to the midbrain, in rhombomeres 1 and 2 
(see expression pattern analysis in Fig 13). In case of complete downregulation and ergo 
absence of the EfnB2b protein, signaling within cells positive for its interacting 
candidate receptors of the EphB4 class (expressed in the posterior midbrain) will not be 
induced by EfnB2. However, any downstream targets (including signaling cascades or 
activation/inactivation processes) remain unclear. The extent of the observed enlarged 
midbrain domain should be examined more focused.  
Injections of MO4 into wildtype embryos resulted in a high proportion of dead 
embryos within the first 24 hours post fertilization. Already low dosages gave rise to 
strongly defective embryos (Fig 22D).  
Whether or not the observed phenotypes were a direct cause of the applied 
Morpholinos MO3 and MO4 remains open. As no specific downstream target genes of 
EphrinB2 signaling are known, a direct correlation between the Morpholinos and 
observed phenotypes remains suggestive. The coinjection of a Morpholino blocking 
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p53-protein translation has been shown in the past to enrich specificity in these transient 
knockdown assays (Robu et al., 2007). 
 
 
Analysis of the mutant ephrinB2bhu2971 
 
Analyzing a phenotype caused by loss-of-function is much more reliable in a 
stable genetic background. It was therefore of higher priority to generate mutants by the 
Tilling technique. In May 2006 a founder fish carrying an early Stop-mutation in the 
ephrinB2b gene could be identified in the Hubrecht library Hub4 (Utrecht). This library 
consisted of offspring from highly mutagenized males. It proved therefore necessary to 
outcross this mutant line with wildtypes at least four rounds to shake off most unwanted 
background mutations.  
This point mutation causes an early translation stop at amino acid 78. I argue, 
that this mutant resembles a null mutant, because the remaining extracellular fragment 
of EfnB2b is not able to bind to any receptor, most probably it is not even transported to 
the cell membrane but degraded before (see Fig 23 for schematic view of the protein 
EfnB2b). Crystallographic analysis of the human EphB4 receptor in complex with the 
ephrinB2 extracellular domain showed, that the receptor-ligand interaction resembles a 
key-lock-system (Chrencik et al., 2006). The ligand forms a so-called G-H loop, which 
is highly conserved throughout organisms (conserved sequence: qEFSPNLWgLeFqkn, 
zebrafish: qEFSPNLWgLeFl). In Danio rerio, amino acids 113-125 cover this 
sequence. The G-H loop has also been described being involved in EfnB2 
homodimerization (Himanen et al., 2001; Toth et al., 2001). An antibody recognizing 
specifically the EfnB2b ligand would undoubtedly ensure the mutant being indeed a null 
mutant.    
As described, ephrinB2bhu2971 mutants are viable and fertile and only show the 
slightly enlarged midbrain domain and a shorter body axis (Fig 25). Analyzing the gene 
expression pattern in these mutants it became obvious that the midbrain domain may be 
diminished in anteroposterior but increased in dorsoventral direction (Fig 25C for 
dorsoventral, Fig 29F for anteroposterior). Whether efnB2b-RNA levels in 
ephrinB2bhu2971 mutants are downregulated due to nonsense-mediated decay, cannot be 
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assumed from the in situ hybridization data, as the decreased staining can also be due to 
hybridization effects.  
These rather mild defects in the ephrinB2bhu2971 mutants suggest once again a 
high redundancy between efnB2a and efnB2b ligands in zebrafish. It became therefore 
necessary to analyze phenotypes in a complete efnB2 mutant. As no mutant carrying a 
stop mutation in the efnB2a gene was accessible at that time, mutant/morphant embryos 
were analyzed. This assay is a combination of efnB2a-knockdown by Morpholino 
injection into the ephrinB2bhu2971 mutant. 
 
 
Analysis of the ephrinB2 mutant/morphant embryos 
 
Applying MO2 to ephrinB2bhu2971 mutants, these double knockdown embryos 
revealed very strong developmental defects that had not been observed when wildtype 
embryos were injected with the same dosage of MO2 (compare Fig19, 20, 30). These 
mutant/morphant embryos had difficulties surviving until day 2 after fertilization. The 
survivors displayed a severe delay in overall development, a strongly reduced body size, 
large pericard-edema and rigorous tail deformations. The reduced body size may be an 
indirect cause, because the ephrinB2 ligands are involved in multiple developmental 
processes (e.g.: gastrulation: Chan et al., 2001; rhombomere formation: Xu et al., 1999; 
Mellitzer et al., 1999; Cooke et al., 2005; somitogenesis: Koshida et al., 2005; 
angiogenesis and vasculogenesis: Adams et al., 2001). Furthermore, the observed 
phenotypes in zebrafish correspond to phenotypes shown by the EfnB2-knockout mouse 
(Wang et al., 1998; Adams et al., 2001). 
Another observation concerns the neural tube and its formation in Danio rerio. 
In wildtype zebrafish embryos the neural keel is forming by cell movement from lateral 
towards the midline as soon as gastrulation is completed. The neural tube starts forming 
by cells sinking ventrally towards the notochord and finishes with a dorsal closure. In 
living embryos between 24 and 48 hours post fertilization, the dorsal closure process 
seemed disturbed. The tube-like structures and also the typical folding event of the 
midbrain-hindbrain boundary were distinguishable, but from the midbrain to the 
hindbrain area the closure was missing. I suggest this could also be seen by in situ 
hybridization, in which two domains of expression in the region of r1/2, which could 
 102 
not be observed as such in the wildtype injected embryos, became apparent. 
Cytoskeletal rearrangements are a well-known downstream target of ephrinB2 
signaling. 
Combining these very preliminary data points from the mutant/morphant 
embryos, I propose that the paralogs ephrinB2a and ephrinB2b maintained redundant 
functions in the zebrafish after the duplication event, even though expression pattern 
analysis did not suggested such. To understand the functions of the ephrinB2 ligands in 
zebrafish and their possible involvement in the process of midbrain-hindbrain boundary 
formation it is necessary to generate double mutants and undertake them further detailed 
analysis.  
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APPENDIX 
 
 
dCAPS assay for ephrinB2ahu3479 
 PCR    volume = 20µl 
 PCR program:   94°C  2min     
     94°C  30sec     
     59°C  30sec  40x   
     72°C  50sec    
     72°C  5min 
      10°C  end 
 
 digest with BaeI   PCR product  2µl 
     H2O   5µl 
     5x buff(+sam/bsa) 2µl   
     BaeI    1µl 
         10µl    
 
dCAPS assay for ephrinB2ae14 
 PCR    volume = 20µl 
 PCR program:   94°C  2min 
     94°C  30sec  
     59°C  30sec  40x  
     72°C  30sec    
     72°C  5min 
      10°C  end 
 
 digest with Sau96I   PCR product 5µl 
       NEB4 buffer 1µl 
     Sau96I  1µl 
     H2O  3µl 
        10µl 
 
dCAPS assay for ephrinB2be16 
 initial PCR    volume = 10µl 
 PCR program:   94°C  3 min 
     94°C  30 sec   
     54°C  30 sec  30x 
     72°C  45 sec 
     72°C  5 min 
      10°C   end 
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 nested PCR    volume = 20µl 
 PCR program:   94°C  2 min 
     94°C  30 sec   
     60°C  30 sec  35x 
     72°C  30 sec 
     72°C  5 min 
       10°C   end 
 
 digest with RsaI   PCR product 5µl 
     H2O  3µl 
     NEB1 buffer 1µl 
     RsaI  1µl 
       10µl 
 
  
dCAPS assay for ephrinB2bhu2971  
 initial PCR    volume = 10µl 
PCR program:   94°C  2 min 
      94°C  30 sec   
      60°C  30 sec  25x 
      72°C  90 sec 
      72°C  5 min 
       10°C   end 
 
 nested PCR    volume = 20µl 
  PCR program:   94°C  2 min 
      94°C  30 sec   
      62°C  30 sec  30x 
      72°C  45 sec 
      72°C  5 min 
       10°C   end 
 
 digest with HpaI   PCR product 5µl 
      H2O  3µl 
      NEB4 buffer 1µl 
      HpaI  1µl 
        10µl 
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